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 本論文は、単分子磁石材料に関する 2 つの化合物群、基底高スピンとなる 3d ホモ金属錯体
および 3d-4f ヘテロ金属錯体の構造と磁性の研究を述べている。本論文は 4 章で構成されてい
る。 





 第 2 章では、3d ホモ金属錯体として 3 つのニッケル(II)イオンを用いた正三角形配置の三核
錯体を取り上げ、その構造と磁性について詳述している。 





ら三座架橋キャップするイオンの種類である。題材の 1 種は新規化合物である。 
 既知化合物の 2 種を含めて、これらのニッケル三角錯イオン系の磁性はまだ調査されてい
なかった。本磁気測定により、基底高スピン状態 S = 3 を有すること、すなわち、ニッケル
(II)イオン (3d8) の有する S = 1 が分子内で強磁性的にカップルしていることが分かった。ま
た、S = 3 化学種として磁気異方性定数 D が負となること、すなわち一軸異方性を有するこ






























本研究で用いた 3 種の対象化合物について、J/kB = 2.25±0.05〜1.79±0.04 K と決定することが
できた。 
 構造磁性相関図を描くにあたり、類似の Dy–Cu 構造を持つ 2 つの既知化合物の結果を合わ
せて計 5 種の化合物について考察した。いくつかの構造パラメータと交換相互作用との相関
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Study on the Structures and Magnetic Properties of Ground High-Spin  





This doctor thesis is written about the structural and magnetic study on the complexes related 
to single-molecule magnets (SMMs). SMMs have been attractive molecules due to their potential 
applications for information storage and quantum computing at the molecular level. Large 
magnetic moment and strong uniaxial magnetic anisotropy are required for SMMs. The author 
succeeded to prepare some novel compounds and precisely determined the magnetic parameters 
by means of magnetizations, magnetic susceptibilities, and electron paramagnetic resonance 
(EPR) techniques.  
The author studied the structure and magnetic properties of a novel nickel(II) trinuclear 
complex as well as two known related compounds. They possess the ground high-spin state and a 
uniaxial magnetic anisotropy, which are favorable for SMMs. However, they also showed 
intermolecular antiferromagnetic couplings through the weak halogen...halogen contacts. One of 
these complexes was characterized as a pseudo one-dimensional antiferromagnetic chain, and 
another as a ground antiferromagnet. The magnetic hysteresis was observed at the 
metamagnetic-like magnetization jump and not at zero field. The author concluded that the 
compounds were potential SMMs with considerable intermolecular antiferromagnetic interaction. 
For a heterospin 4f-3d system, the author et al. synthesized three new complexes involving 
one dysprosium(III) and two copper(II) ion as a magnetically interacting unit. The structural 
analysis of them clarified double oxygen bridges between the Dy and Cu ions. The magnetic 
study revealed the presence of Dy–Cu ferromagnetic interactions together with the SMM behavior. 
  
- iv - 
From the high-frequency EPR study the author found that the copper signal was biased owing to 
the exchange interaction from the dysprosium ion. The exchange coupling parameters were 
precisely determined from these exchange biases. To investigate magneto-structure relation, two 
additional data were taken from the literature, and the author attempted to draw a few plots of the 
exchange parameter as a function of geometrical parameters. Meaningful correlations were found 
when the Dy–O–Cu angle and Dy–O···O–Cu dihedral angle were applied. Though it is only 
empirical, such a magneto-structure relation has been proposed in Dy–Cu systems for the first 
time.  
In conclusion, the magnetic properties of the Ni3 and DyCu2 complexes were studied in detail in 
connection with the crystal structures. The present results would assist comprehension of SMMs 
and accelerate development of novel SMMs.
  
 
- v - 
Contents 
 
Abstract (Japanese) .................................................................................................................... i 
Abstract (English) .................................................................................................................... iii 
Figures ................................................................................................................................... viii 
Schemes .................................................................................................................................... x 
Tables ....................................................................................................................................... x 
 
1 Introduction ............................................................................................. 1 
 Preface ............................................................................................................................ 1 1.1
 Origin of SMMs and Bulk Magnets ............................................................................... 2 1.2
 Examples of SMMs ........................................................................................................ 5 1.3
 Superexchange Interaction ............................................................................................. 7 1.4
 Idea of Molecular Design ............................................................................................... 8 1.5
 Outline .......................................................................................................................... 12 1.6
 Theoretical Section ....................................................................................................... 13 1.7
 Definitions and Units ...............................................................................................13 1.7.1
 Diamagnetic and Paramagnetic Susceptibilities ......................................................14 1.7.2
 van Vleck Fomula ....................................................................................................15 1.7.3
 Spin Hamiltonian .....................................................................................................16 1.7.4
 The Curie Law .........................................................................................................19 1.7.5
 Ac Susceptibility ......................................................................................................22 1.7.6
 Experimental Section ................................................................................................... 25 1.8
References .............................................................................................................................. 28 
  
- vi - 
2 Study on Triangular Ni3 Complexes ................................................... 33 
 Abstract ........................................................................................................................ 33 2.1
 Introduction .................................................................................................................. 34 2.2
 Experimental Section ................................................................................................... 35 2.3
 Results .......................................................................................................................... 38 2.4
 Preparation .............................................................................................................. 38 2.4.1
 Crystal Structures .................................................................................................... 39 2.4.2
 Magnetic Properties ................................................................................................ 45 2.4.3
 Discussion .................................................................................................................... 55 2.5
 Conclusion .................................................................................................................... 62 2.6
References .............................................................................................................................. 64 
 
3 Study on Hinge-like Dy(O2Cu)2 Complexes ....................................... 69 
 Abstract ........................................................................................................................ 69 3.1
 Introduction .................................................................................................................. 70 3.2
 Experimental Section ................................................................................................... 73 3.3
 Results .......................................................................................................................... 73 3.4
 Characterization ...................................................................................................... 73 3.4.1
 Crystal Structures .................................................................................................... 74 3.4.2
 Magnetic Properties ................................................................................................ 80 3.4.3
 Relaxation of Magnetization ................................................................................... 84 3.4.4
 HF-EPR Study ........................................................................................................ 86 3.4.5
 Discussion .................................................................................................................... 93 3.5
 Conclusion .................................................................................................................... 99 3.6
References ............................................................................................................................ 101 
  
- vii - 
4 Conclusion ............................................................................................ 106 
 Concluding Remarks .................................................................................................. 106 4.1
 Future Perspectives .................................................................................................... 108 4.2
References ............................................................................................................................ 111 
 
Acknowledgements .................................................................................... 113 
 









- viii - 
Figures 
1.1   Schematic view of a magnetic domain ........................................................................... 2 
1.2   Typical hysteresis loop of ferromagnetic materials ........................................................ 3 
1.3   Slow relaxation of magnetization in SMMs with an easy axis ....................................... 4 
1.4   “Cubane”-type structure ................................................................................................. 8 
1.5   Each Ni
2+
 ion spin tiles to the direction of O3 atom..................................................... 10 
1.6   Diagram of the energy levels ........................................................................................ 18 
1.7   The Brillouin function shown as M/Ms vs. H/T plot ..................................................... 21 
1.8   Theoretical frequency dependence of the real and imaginary component  
 of the magnetic susceptibility in a semi-log scale ........................................................ 24 
1.9   Cole-Cole plot where at a given temperature χ” is plotted versus χ’............................ 25 
2.1   Simultaneous TG-DTA measurements of 1 at a sweep rate of 10 ºC /min (a) and  
 TG curves measurements of 1 at four heating rates from 2 to 15 ºC /min (b) .............. 38 
2.2   ORTEP representation of 1 with selected principal atomic numbering ....................... 39 
2.3   Packing diagrams of 1 projected onto (a) the ac, (b) the ab, and (c) the bc planes ...... 42 
2.4   Packing diagrams of 1 projected onto (a) the ac, (b) the ab, and (c) the bc planes ...... 43 
2.5   Packing diagrams of 3 projected onto (a) the ac, (b) the bc, and (c) the ab planes ...... 45 
2.6   Temperature dependence of mT for 1 – 3 ................................................................... 46 
2.7 Selected HF-EPR spectra on a powder specimen of 1 ................................................. 47 
2.8   Single-crystal magnetization data for 1 measured at 1.8 K .......................................... 48 
2.9   Magnetization curves for (a) 2 and (b) 3 ...................................................................... 49 
2.10  Pulsed-field magnetization curve and differential of magnetization  
 for 1 measured at 0.5 K ................................................................................................ 52 
2.11  Ac susceptibilities for 1 measured (a) at zero, (b) at 10 kOe, and (c) at 15 kOe .......... 53 




- ix - 
2.13  Experimental and calculated χm for 1 at a dc field of 500 Oe (a) and   
 Experimental and calculated magnetization curves for 1 at 0.5 K (b) ......................... 57 
2.14  Experimental and calculated χm for (a) 2 and (b) 3 at a dc field of 500 Oe ................. 58 
2.15  Pulsed-field magnetization curve and differential of magnetization measured  
 at (a) 0.5 K for 2 and (b) 0.4 K for 3 ............................................................................ 59 
2.16  Low temperature heat capacity of 3 in zero magnetic field ......................................... 60 
3.1   Powder XRD patterns of (top) 4 and (bottom) 5 .......................................................... 73 
3.2   X-ray crystal structures (left) and skeletal views  
 of the Dy surroundings and Cu atoms (right) for (a) 4, (b) 5, and (c) 6 ....................... 76 
3.3   mT vs. T plots measured at 500 Oe for (a) 4, (b) 5, and (c) 6 ..................................... 80 
3.4   Magnetization curves measured at 1.8 K  
 for the randomly oriented polycrystalline specimens of (a) 4, (b) 5, and (c) 6 ............ 81 
3.5   Ac magnetic susceptibilities (in-phase ’ and out-of-phase ”) measured  
 for (a) 4, (b) 5, and (c) 6 without any dc bias field ...................................................... 84 
3.6   Cole-Cole plot for (a) 5 and (b) 6 ................................................................................. 85 
3.7   Combined plots of the spectra and the frequency-field relation  
 for (a) 4, (b) 5, and (c) 6 ............................................................................................... 87 
3.8   Variable-temperature HF-EPR spectra of (a) 4, (b) 5, and (c) 6 .................................. 88 
3.9   Energy levels of 6 in the ground state J
z
 = 15/2 manifold............................................ 90 
3.10  Energy levels of 4 with J
z
 = 15/2 (a) and J
z
 = 11/2 (b) for Dy
3+
 .................................. 92 
3.11  Energy levels of 5 with J
z
 = ±15/2 (a), J
z
 = ±11/2 (b), and J
z
 = ±9/2 (c) for Dy
3+
 ....... 93 
3.12  Plot of the normalized Dy–O bond length against the coordination number  
 of Dy ion (a) and Plot of the exchange coupling and two normalized bond lengths  
 of Dy–O and Cu–O (b) ................................................................................................. 95 




- x - 
 (a) as a function of θ (Dy–O–Cu) and (b) as a function of  (Dy–O···O–Cu) ............ 96 
3.14  Plot of the Dy–Cu exchange parameter as a function of d(Dy···Cu) ........................... 97 
3.15  Plot of the Tb–Cu exchange parameters in two TbO2Cu compounds  
 as a function of  (Tb–O···O–Cu) ............................................................................... 98 
4.1   ORTEP of the trinuclear molecule  
 of [Co3Cl4(OH)(tmen)3](BPh4)·0.5[CoCl2(tmen)2] .................................................... 109 
4.2   3D plot of a possible relationship of the exchange coupling  




1.1   Hinge-like structures of Tb(OCu)2 compounds ............................................................ 12 
2.1   Trigonal bipyramid skeleton and coordination atoms of 1 – 3 ..................................... 35 
2.2   Angles of θ and θ0 associated with the direction of the magnetic easy axis,  
 the saturation magnetization, and the field ................................................................... 50 




1.1   Energy level in an equilateral triangle model of S = 1 ................................................. 18 






 ions ...................... 22 
2.1   Selected bond lengths (d in Å) and bond angles (θ in °) of 1 ....................................... 40 
2.2   Selected interatomic distances (d in Å) of 1 ................................................................. 40 
2.3   Magnetic parameters g, 2J, DS=3, and 2j for 1 – 3 ........................................................ 61 




- xi - 
3.2   Selected atomic distances (Å), bond angles (°), and “butterfly” angles (, °) ............. 77 
3.3   Magnetic properties of 4 – 6 ........................................................................................ 83 
3.4   Effective energy barrier Ueff, pre-exponential factor 0,  
 and  in the Cole-Cole analysis from the ac magnetic susceptibility measurements .. 86 
3.5   HF-EPR results of 4, 5, and 6 ...................................................................................... 88 
3.6   Exchange parameter JDy-Cu for the DyO2Cu compounds determined  
 from the HF-EPR study and important geometrical parameters .................................. 94 
1  Introduction 
 
 
- 1 - 
 Introduction 1
 Preface 1.1
This thesis is written about a study on the structures and magnetic properties of ground 
high-spin 3d homonuclear and 3d-4f heteronuclear complexes.  
The author explains “molecular magnets”. Molecular magnets are magnetic materials 
consisting of molecular components, and utilize the electron spins delocalized in molecular 
orbitals and/or those on radicals.
1
 In contrast to inorganic magnetic materials, molecular magnets 
have some advantages. First, diverse chemical design and modification are possible. Second, 
low-dimensional magnetic materials can be easily constructed because, in a molecular magnet, the 
strength of intermolecular interaction can be reduced. Such intermolecular interactions are 
regulated by the molecular shape and stacking of molecules in crystals. As the components of 
molecular magnetic materials, there are organic radicals, metal-ion coordination compounds (e.g. 
complexes), and their combinations. The interaction among these compounds determines spin 
configuration in each molecule.
1
 The author used 3d homonuclear and 3d-4f hetronuclear 
complexes. It is because the spins in 3d and 4f ions are usually larger than that of an organic 
radical, and 4f ions have strong magnetic anisotropy.
2
 These characters are important for 
development of single-molecule magnets (SMMs)
2e,3,4
 and other related magnetic materials. 
SMMs are similar to the fine magnetic particles with single magnetic domain structures.
5
 The 
problem of utilizing these particles as nano magnetic materials may reside in a control of a 
particle size and the size distribution of particles. Since the SMM is made up of homologous 
molecules, the above problem can be avoided. 
A ground high-spin state in a discrete molecule needs the ferromagnetic intramolecular 
interaction. Molecules of a ground high-spin state are important ingredients for a development of 
new SMMs. The development of SMMs is a basis for next-generation functional magnetic 
 1.2  Origin of SMMs and Bulk Magnets 
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materials, because they will be potentially applied for information storage media at the level of a 
single molecule or a few.
3
 The ground high-spin molecules have also attracted much attention for 
adiabatic demagnetization refrigerants.
6
 In the next section, the author will explain the outline of 
SMMs. 
  
 Origin of SMMs and Bulk Magnets 1.2
Bulk magnets are well known as typical ferromagnets with Fe, Ni, and Co. Ions of the 
transition metals (3d) involving Fe, Ni, and Co have some unpaired electrons which results in 
localized magnetic moments at each magnetic element. 
Discrete magnetic moments do not cause a bulk to be a ferromagnetic state. To show the 
properties of the ferromagnetic state requires that each magnetic moment is aligned parallel each 
other pointing at the same direction. The behavior is regarded as a large macroscopic magnetic 








Figure 1.1.  Schematic view of a magnetic domain. A red arrow denotes a magnetic moment. 
The partitioned region shows a magnetic domain. 
 
A bulk ferromagnetic material contains a number of magnetic domains.
7
 The magnetic 
domain is a region where the magnetic moment is arrayed in a uniform direction (Figure 1.1). 
1  Introduction 
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However, magnetic domains within the bulk magnetic material are rarely arranged in a uniform 
direction, because such a condition creates a higher magnetostatic energy and is unstable.
7c
 In 
order to reduce the magnetostatic energy, each magnetic moment should take different 
magnetization directions in neighboring magnetic domains. 
Magnetization curves with a hysteresis can be described in terms of a magnetic domain 
structure
7c
 (Figure 1.2). In the initial zero magnetic field, the magnetic domain structure holds a 
low magnetostatic energy with zero magnetic moment (region I – II). By applying the magnetic 
field Hext, magnetic domains with a near direction along the applied field grow while other 
domains diminish, which results in the major magnetic domain (region II – III). The uniformly 
magnetized region becomes large, and finally the single domain occupies the entire magnetic 
domain (around region III). This process is caused by the motion of the wall separating domains. 
When the magnetic field is increased further, the rotation of magnetization occurs in a domain, 
and the direction of magnetization corresponds to that of the applied field (region III – IV). The 
magnetization in the high magnetic field limit is saturation magnetization (Ms). Then, applying a 
magnetic field to the reverse direction of saturation magnetization, a residual magnetization 
appears at zero magnetic field, if magnetic anisotropy is included.  
 
 
Figure 1.2.  Typical hysteresis loop of ferromagnetic materials. In region I – III, the domain wall 
motion results in the growth of the yellow region. In region III – IV, the change of the arrow 
displays a rotation magnetization process to the Hext direction.  
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The arrangement of magnetic moments in each domain can be determined by the energy 
balance between exchange interaction and the magnetic anisotropy. The small magnetic energy 
(magnetostatic energy) is likely to form a multi-magnetic domain structure.
7c
 On the other hand, 
when the magnetic energy is large, a single magnetic domain is obtained. A single domain is 
composed with decreasing the minimum domain size.  
A particle of a single magnetic domain can be regarded as a magnet. A coercivity of 
assembly of the particle is equal to an anisotropy field Ha. Without a domain wall motion in the 
particle, a magnetization process originates only in the rotation magnetization. This logic can be 
applied to SMMs systems, and details are described in Chapter 2 especially about the anisotropy 






Figure 1.3.  Slow relaxation of magnetization in SMMs with an easy axis.
2h,3b
 (Left) Schematic 
representation of the splitting by ZFS and the relaxation of the magnetization from the ‘spin-up’ 
to ‘spin-down’ state at zero magnetic field and low temperature. (Right) the energy barrier 
associated with the magnetization reversal. 
 
In a semi-classical view, the necessary condition of the magnetization reversal for SMMs is 
that molecules have a high enough energy to surmount an activation energy barrier U (or Δ)2h,3b 
(Figure 1.3). In Figure 1.3 (right), a time required for an up spin turning to a down spin is called a 
relaxation time, and it holds the Arrhenius’s law.3b The longer the relaxation time, the stiffer the 
magnetization held. In an SMM with a unique giant spin state S, the activation energy barrier Δ 
can be expressed as Δ = |D|S2 (for integer spin systems),3a-3d where D is the uniaxial zero-field 
1  Introduction 
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splitting (ZFS) parameter at the ground state of the molecule. The ZFS parameter D is related to 
an anisotropy parameter of a bulk magnet. To achieve the slow magnetization relaxation, D value 
should be large and negative, and the ground state spin S should be as large as possible.
3a-3d
 The 
projection of the total spin generates (2S + 1) mS states. The (2S + 1) mS value separates ranging 
from S to –S one by one. Each mS state corresponds to a different direction of the spin projection, 
which the low-energy level of mS = S can be considered ‘all spin up’ and that of mS = −S “all spin 
down” [Figure 1.3 (left)]. If the ZFS effect is absent, all of the mS sublevels are degenerate, while 
the presence of ZFS leads to separate this degeneracy.
3b 
Note that such discrete energy levels 
partly represent the quantum mechanical feature of SMMs, yet the quantum mechanical spin 
reversal process is not included at this stage. 
 
 Examples of SMMs  1.3
In the early 1990s, the first SMM of Mn12O12(CH3COO)16(H2O)4 was discovered, called 
Mn12ac.
3f,8
 The molecule is composed of 12 manganese ions and is characterized as a ground 
state S = 10.
9
 The relaxation time of the magnetization (τ0) and the thermally activated energy 
barrier (Δ) of Mn12ac has been found τ0 = 2.1×10
−7
 s and Δ/kB = 62 K, respectively.
8
 The Mn12ac 
has shown that some steps in the hysteresis loop on the exact measurements used field aligned 
crystals or a single crystal. These results are the evidence of quantum tunneling of magnetization 
in the works by Friedman group
10a
 and Thomas group.
10b
 
The quantum tunneling of magnetization (QTM) appears as step-like changes of 
magnetization. It attracts much attention as the first example of a macroscopically observable 
quantum reversal of magnetization. As the application of these phenomena, it is expected that 
quantum manipulation of SMM is possible, and their use for information storage materials may be 
realized. 
In order to increase an activation energy barrier, 4f-based SMMs have been developed.
2
 The 
 1.3  Examples of SMMs 
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4f-based SMMs are typically in the ground multiplet with large total angular momentum J, which 
is composed of strongly coupled spin S and unquenched orbital angular momentum L. When 
4f-based SMMs are investigated, the double-well of ±mS levels shown in Figure. 1.3 is modified. 
In most cases, the J-multiplets split by spin–orbit coupling is large in energy, and only the lowest 
lying J state is populated at room temperature. The J value of the ground state gives rise to (2J + 
1) sublevels (or ‘Stark’ levels),11 each with a quantum number mJ, which are perturbed by a ligand 















An example of the compound with a very high activation energy barrier is [Tb
III
(PC)(Pc’)], 
which contains one bare Pc (phthalocyanine) ring and one octa(tert-butylphenoxy)-substituted Pc’ 
ring, and the energy barrier value is 936 K.
13
 However, this compound does not work as an SMM 
at room temperature. In fact, the blocking temperature TB, namely the temperature at which the 
SMM records hysteresis, is in many cases below 2 K. After many efforts of improving 
characteristics of SMMs, the Tb
III
 dinuclear compound [K(18-crown-6)(THF)2][{[(Me3Si)2N]2- 
(THF)Tb}2(μ-η
2
:η2-N2)] has been clarified to show the hysteresis loop up to 14 K, and the 
relatively high TB 13.9 K has been recorded.
14
 Also, the Fe
I
 mononuclear compound 
[Fe(C(SiMe3)3)2]2
−
 shows the hysteresis loop below 4.5 K.
15a
 A coercive field was improved using 
the N2
3−
 radical for the former case. Owing to the structure having a low-coordinate 




Other than low TB, there is a problem that the magnetization relaxes fast for the QTM at zero 
magnetic field. Even if the hysteresis loop is observed in the magnetization curve, the decay of the 
remanent magnetization at zero magnetic field results in the loss of magnetic information. In other 
words, it cannot be used as information storage media. Consequently, it is necessary to improve 
1  Introduction 
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the molecular design to reduce the QTM at zero magnetic field. There is a strategy to reduce the 
QTM by introducing intermolecular coupling, which produces an exchange bias within the 
molecule. For an example, the [Mn4]2 dimer is known to have less QTM than the corresponding 
monomer by intermolecular interactions via C–H···Cl and the Cl···Cl pathways.16 Such examples 




] where exchange bias field is 
generated.
4b
 The internal magnetic field is regarded as the same as an external magnetic field to 
the molecule, despite zero magnetic field. These strategies help the improvement of the coercivity 
of the SMMs prohibiting QTM at zero magnetic field. 
 
 Superexchange Interaction 1.4
When magnetic ions with local magnetic moments are coordinated in a complex, an 
exchange interaction gives rise to the magnetic coupling among magnetic moments (an exposition 
of exchange interaction is written in Section 1.7.4). So called superexchange interaction usually 
dominates such magnetic coupling.
17
 Mechanism of superexchange interaction was first proposed 
by Kramers,
17a
 later it was refined by Anderson.
17b
 Suppose that there is an anion linking between 
two metal ions. When the orbital of anions accommodating overlaps to the adjacent orbits of two 
metal ions, these spins prefer the antiparallel arrangement. It is called an antiferromagnetic 
superexchange interaction. On the other hand, if there is the orthogonality of these orbitals, a 
ferromagnetic superexchange interaction appears. Therefore, the overlap and the orthogonality of 
orbitals involve an electronic state of metal ion and bridging atoms is essential to determine the 
nature of the superexchange interaction. 
Let us see the case of two paramagnetic metal ions with octahedral coordination is bridged 
by a diamagnetic anion. The sign of superexchange interaction in such a simple system is 
determined by Goodenough-Kanamori rule.
18
 The orbitals contributing to the superexchange are 
primarily 3d-orbitals in the transition metal ions and 2p-orbitals in the anions. The superexchange 
 1.5  Idea of Molecular Design 
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interactions are operative in two ways. The one is a 180º superexchange (the M–X–M angle is 
180º), and the other is a 90º superexchange (the M–X–M angle is 90º). In the case of the 180º 
superexchange, when two metal ions are conspecific, the interaction is antiferromagnetic. This 
sign alternate, when two metal ions are heterologous. Namely, when one has more-than-half 3d 
electrons, the other has less-than-half, a ferromagnetic interaction appears. In the case of the 90º 
superexchange, when two metal ions are conspecific except for d
5
 as a Mn
2+
 ion, a ferromagnetic 
interaction realizes. When two metal ions are heterologous, the interaction is antiferromagnetic. 
The study of 3d homonuclear complexes is introduced upon the 90° superexchange interaction 
showing ferromagnetic character. However, the nature of superexchange with M–X–M bond with 
much smaller angles than 90° and with 4f–O–3d bonding are not well known.  
 
 Idea of Molecular Design 1.5
The author explains why a nickel(II) ion is chosen in the study on 3d homonuclear 
compounds and copper(II) and dysprosium(III) ions are selected in the study on 3d-4f 
heteronuclear compounds.  
First, it is because a “cubane”-type structure (Figure 1.4) with a Ni4O4 cube often shows 
ferromagnetic interaction.
19
 The contribution of ferromagnetic interaction in the “cubane”-type 
structure results from superexchange through O atoms rather than from the direct orbital overlap 
of two Ni ions.  
 
Figure 1.4.  “Cubane”-type structure. 
1  Introduction 
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In general, the net magnitude of exchange interaction is given by the sum of contributions of 
ferromagnetic and antiferromagnetic interactions.
19a
 It can be qualitatively described
19a
 by the 
symmetry relationships between the eg (dx
2−y2 and dz2) and t2g (dxy, dyz, dzx) orbitals of the four 
nickels and the s and p orbitals of the four O atoms. The ferromagnetically contributing pathways 
(Ni–O–Ni) are as follows. (1) dx2−y2 (Ni)–py(O)–eg (Ni). Because the py orbital is orthogonal both 
to the eg orbitals, the interatomic interaction is ferromagnetic. (2) eg (Ni)–s(O)– t2g (Ni). Because 
the s orbital is orthogonal to the t2g orbitals, similarly, the interatomic interaction is ferromagnetic. 
On the other hand, the antiferromagentically contributing pathway is eg (Ni)–s(O)–eg (Ni). 
Because the eg orbitals all mutually overlap with the spherically symmetrical s orbital, the 
interatomic interaction is antiferromagnetic interaction. These pathway resultant contributions 
dominate ferromagnetic rather than antiferromagnetic interaction.  
Second, development of SMM requires two conditions, large spin quantum number and 
strong uniaxial magnetic anisotropy. In order to acquire ground high spin and strong magnetic 





= 1-(2-hydroxybenzamido)-2-(2-hydroxy-3-methoxybenzylideneamino)ethane and Hhfac = 
hexafluoroacetylacetone) exhibited slow magnetic relaxation in the ac magnetic susceptibility, and 
the activation energy barrier was Δ/kB = 21 K.
4a
 Osa and co-workers have obtained three findings: 
(1) 3d-4f complexes can be easily synthesized. (2) The ground high spin state is likely to accrue 
from a smaller number of metal ions than a polynuclear complex. (3) By using the 4f ions, it is 





([Dy2Ni]) in which bpca
− 
= bis(2-pyridylcarbonyl)amine anion, was studied to increase the 
blocking temperature TB in SMMs.
4d
 As before, the 4f ions generates strong magnetic anisotropy. 
To investigate the exchange interaction between a Ni
2+







(bpca)2}]·CHCl3 ([Dy2Fe]) complex was also synthesized, where the Fe ion is 
diamagnetic.
4d
 From the results of magnetic measurements, ferromagnetic interaction between the 
 1.5  Idea of Molecular Design 
 
 
















 ions appeared in the difference of dc magnetic susceptibility between [Dy2Ni] and 
[Dy2Fe]. However, the activation energy barrier of [Dy2Ni] was as low as Δ/kB = 4.9± 0.3 K. The 
cause of the extremely small value is the orthogonal arrangement of the Dy
3+
 coordination 
polyhedrons. The structural conformation of these compounds can lead to the cancellation of a 




 It is important to 
consider the structural conformation arranged in each parallel moment. In the two examples above, 
the exchange interaction between the 3d and 4f ions could not be determined. For example, 
[Dy2Cu2]n has been synthesized by Okazawa and co-workers, which the exact determination of 
exchange interaction on [Dy2Cu2]n has succeeded by means of HF-EPR measurements.
20a
 The 











Figure 1.5.  Each Ni
2+




The author and co-workers attempted to enhance strong uniaxial anisotropy and to determine 
a magnetic anisotropy parameter quantitatively. In the previous work reported by Biswas, Ida, and 
co-workers
21
 investigated the structure and magnetic properties of Ni
II
 trinuclear complexes 
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N3
–
). These complexes possess μ3-bridging oxygen atoms as a “cap” above and beneath the 
molecular plane. The each Ni
2+
 ion has a distorted octahedral structure (Figure 1.5). Ni–O 
distances in the octahedral structure are compressed, and each magnetic moment of Ni
2+
 tilts 
toward the Ni–O direction. Consequently, the total magnetic moment arises almost perpendicular 
from the Ni triangle plane. Based on this knowledge, the author obtained a strategy improving 
magnetic anisotropy, preparation accessibility, and facile analysis. 
The knowledge of the exchange coupling mechanism would be useful for the development of 
bulk permanent magnets and refrigerants. In Gd–Cu systems, the ferromagnetic couplings 
between Gd
3+
 (S = 7/2) and Cu
2+
 (S = 1/2) are often observed.
22
 It is noticed that a planar structure 
favors ferromagnetic coupling in the four-membered Cu–O–Gd–O moiety. The author and 
co-workers have developed a new microscopic method for the precise evaluation of exchange 
coupling in SMMs including heavy Ln ions,
20
 and have established their usefulness in the studies 
of various 4f-3d-based SMMs.
23




 ions have magnetic anisotropy along 
the easy axis.
2b
 The key is to use the high-frequency electron paramagnetic resonance (EPR) to 
observe the resonances of 3d transition metal ions biased by the exchange fields from Ln ions.  
Recently, Ghosh, Ida, and co-workers
24
 have shown that hinge-like coordination flexibility 









, a non-Kramers ion), where the flexible 
nature of metallatecton led to an interesting structural diversity
 
(H2salpn = 
(N,N-bis(salicylidene)-1,3-propanediamine)). They have evaluated the structures and the 
SMM properties of a long-known but less-investigated family of such a structure. The motivation 





 (a Kramers ion). They possess a DyO2Cu structure in common. 
The ferromagnetic coupling by dc magnetic measurements and slow magnetization reorientation 
by ac magnetic susceptibility measurements for all complexes will be reported in Chapter 3. 
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To promote a higher activation energy barrier is certainly important for development of 
SMMs. In order to comprehend the magnetic properties, the exchange coupling involved in homo- 
and heterometallic multinuclear complexes is one of the most essential magnetic parameters. The 
finding of exchange coupling mechanism would be very useful to create new bulk permanent 
magnets. Thus, the principal points in this thesis were devoted to the precise and reliable 
determination of magnetic parameters including exchange coupling parameters. The author 
establishes the purpose of this thesis as the following items: (1) To design easily accessible 
molecules with uniaxial magnetic anisotropy. (2) To find out relationship between the exchange 
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coupling parameter and structural parameters.  
In Chapter 2, the author describes the study about the evaluation of magnetic parameters, 
uniaxial magnetic anisotropy, and intermolecular exchange coupling of the Ni triangle trinuclear 
complexes. Moreover, the presence or absence of performance of SMMs was investigated. 
Chapter 3 deals with the study on the structures and magnetic properties of two trinuclear 
isomeric DyCu2 compounds and one polymeric DyCu2 compound. The exchange couplings of 
these compounds were evaluated by HF-EPR. Some relationship is found between these exchange 
couplings and geometrical parameters of each crystal structure. 
In Chapter 4, the summary of the study and future perspectives are noted.  
 
 Theoretical Section 1.7









 Definitions and Units25 1.7.1
First, we consider a sample of 1 mol of compound within a direct current (dc) magnetic field 







,        (1.1) 
 
where χ is the molar magnetic susceptibility. Reference axes always can be chosen due to being 
diagonal of χ with the χu (u = x, y, z) principal values. The magnetically isotropic sample becomes 
the χ to a scalar. 
In the sufficiently weak magnetic field, χ is independent of H, and it can be expressed as 
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follows: 
 
HM  .        (1.2) 
 
In general, magnetic parameters favor to use the cgsemu system in the field. Strictly speaking 
the unit of magnetic field is expressed in the Oersted (Oe). In the vacuum B is related to H 
through B = μ0H, and the permeability μ0 in the cgsemu system is equal to Eq. 1.1. Moreover, the 
molar magnetic susceptibility χ is expressed in cm3 mol−1. The multiple of the molar magnetic 
susceptibility by the temperature χT is expressed in cm3 K mol−1. The molar magnetization M is 
expressed in NAμB units, where NA is Avogadro’s number and μB is the electronic Bohr magneton. 
The molar magnetization M of NAμB is expressed, such as Eq. 1.3 in the cgsemu system. 
 




.      (1.3) 
 
 
 Diamagnetic and Paramagnetic Susceptibilities25 1.7.2
In a principle χobs, the sum of two contributions correlated with: 
 
PD
obs  　 ,        (1.4) 
 
where χD and χP represent the diamagnetic and paramagnetic susceptibility, respectively. The 
former is negative and the latter positive. When a χD dominates, the sample calls to be 
diamagnetic, which is repelled from the applied magnetic field. While, a χP dominates, the sample 
calls to be paramagnetic, which is attracted by the applied magnetic field.   
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Diamagnetism is inherent in a matter. The diamagnetism is due to the interaction that the 
electron makes a pair by the applied magnetic field. A χD qualifies that is independent of the 
temperature and the strong applied magnetic field. In the 1940s Pascal summarized data taking 
into account the application of these additive methods. Assuming the experimentally 
susceptibilities data considering corrected diamagnetic contribution χD, we will always use χ in 
the place of χP due to simplicity. 
 
 van Vleck Fomula25 1.7.3
In 1932 van Vleck suggested a simplification based on a few approximations for the molar 
paramagnetic susceptibility.
27
  Firstly, the energies En are legitimately expanded according to the 
increasing power of H: 
 
 2210 HEHEEE nnnn
)()()(








 are called first- and second-order 
Zeeman coefficients, respectively. A microscopic magnetization can be defined as n = −∂En/∂H.  
From Eq. 1.5, n becomes  
 
 HEE nnn
)()( 21 2 ···.        (1.6) 
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In zero field, the energy states split the energy levels of vertical symmetry by the first-Zeeman 
effect because of the magnetization vanishing, such that nEn
(1)exp(−En
(0)
/kBT) = 0. Therefore, Eq. 
1.7 and retaining only first-order term linear in H results in 
 























































 ,     (1.9) 
 
which is called the van Vleck formula. The van Vleck equation gives the magnetic susceptibility 
only in the magnetic field range where the M vs. H plot is linear. If all energies En are linear in H, 
the second-order Zeeman coefficients En
(2)


























 .      (1.10) 
 
 
 Spin Hamiltonian28 1.7.4
In general, a spin vector coupling scheme can be expressed as a model the quantitative 
behavior of system with exchange-coupled spins of the whole molecule with the so called spin 
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ˆˆˆ 2 ,        (1.11) 
 
where the subscripts i and j correspond to the two different spins between nearest-neighbor sites. 
The Jij is the exchange coupling constant, which the quantity implies the strength. When J is 
positive, the exchange interaction is ferromagnetic, while negative J denotes antiferromagnetic 
exchange interactions. The exchange interaction is often necessary to consider anisotropy. The 







)ˆˆˆˆˆˆ(ˆ 2 .    (1.12) 
 
For Jx = Jy = Jz ≠ 0, the isotropic Heisenberg case is applicable. If Jz = 0, Jx = Jy ≠ 0 the interaction 
is named XY type. The case Jx = Jy = 0, Jz ≠ 0 is applicable the Ising model, consists of only two 
states with up-spin and down-spin. Assuming Ising-type magnetic anisotropy, we can achieve a 
simplified description by taking account the lower energy states. The representation of Ising-type 
model is appropriate for systems with a large uniaxial anisotropy.   
The Kambe vector coupling method
31
 is very convenient, and an example of the triangular 
nickel(II) case is taken for a guidance of Chapter 2. If the three nickel(II) ions interact through the 
bridge, then the local spins S1 = S2 = S3 = 1 are good quantum numbers. When exchange couplings 
J12 = J23 = J31 = J, the Heisenberg-Dirac-van Vleck spin Hamiltonian is written as 
 
)ˆˆˆˆˆˆ(ˆ 1332212 SSSSSSJΗ  .      (1.13) 
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+ 2Ŝ1·Ŝ2+ 2Ŝ2·Ŝ3+ 2Ŝ3·Ŝ1. The spin Hamiltonian 








T SSSSJΗ  ,      (1.14) 
 
the eigenvalues of which are 
 
)1()( TTT  SJSSE .       (1.15) 
 
The obtained parameters are summarized in Table 1.1 and Figure 1.6, in the case of the energy of 
the spin interaction of the equilateral triangle. 
 












Figure 1.6.  Diagram of the energy levels. 
ST (total-spin degeneracy) E(ST) E(ST)’ 
3 (1) −12J 0 
2 (2) −6J 6J 
1 (3) −2J 10J 
0 (1) 0 12J 
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In Figure 1.6, E(ST)’ is E(ST)+12J. In the case of an equilateral triangle model of S = 1 including 



















A         (1.16) 
with  
A = 28+20exp(−6J/kBT) +6exp(−10J/kBT) 
B = 7+10exp(−6J/kBT) +9exp(−10J/kBT) +exp(−12J/kBT). 
 
 The Curie Law25 1.7.5
In general, we should consider the spin-orbit interaction in the case of the magnetic 





at the outside of the 4f orbital, shielding the influence of the ligand to the 4f electrons. As the 
electronic state of 4f electrons with smaller ligand interaction, the free electron state can be used, 
the contribution of spin-orbit interaction is large. Because 3d electrons of transition metal have no 
closed-shell, they are easily influenced by ligand interaction, and the orbital angular momentum 
of 3d electrons are fully or partially quenched. 
The role of the orbital momentum cannot be ignored in the lantanoid ions of 4f electron. The 
magnitude of the spin-orbit coupling of 4f electron is much larger than that of 3d ions, which 
increases from the left to the right of the Periodic Table. This spin-orbit coupling partially 
removes the degeneracy of the 
2S+1ground term. This gives 2S+1 states, which a total angular 
momentum (J) defined as  
 
J = L+S,         (1.17) 
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where L is an orbital quantum number, and S is a spin quantum number. The J varies by an integer 
value from |L−S| to L+S. 




, the J is definable from |L−S|. In contrast, when 




, the J is definable from L+S.  In the case of the configuration 
4f
7
, there is no first-order angular momentum; namely, L = 0. The difference of energy levels 







energy state separation is plotted against ground electronic configuration, which is called the 
“Dieke diagram”.33 When this energy gap is small, the first excited state may be thermally 
populated. In contrast, when it is large, only the ground state is thermally populated. In general, the 
J value may be considered only for J
z
 of the ground state, which superscript of J
z
 represents the 
z-direction. The large energy gap is important to develop SMMs. 
When the magnetism of a system is a well isolated 
2S+1 ground sate, J, L, and S are good 
quantum numbers. In applied magnetic field H, the 
2S+1 state is split into 2J+1 components, the 
wavefunctions of which are noted | J, mJ >, with mJ varying by an integer value from –J to +J. 
The energy E(J, mJ) of the | J, mJ > Zeeman component is  
 















g J       (1.19) 
 
with varying by an integer value from –J to +J. The molar magnetization M leads Eq. 1.10 to 
 
1  Introduction 
 
 
- 21 - 
)(xJBgNM JBA  ,        (1.20) 
 






























A plot of BJ(x) for several values of J is illustrated in Figure 1.7. When x becomes very large; 
namely, at high field and low temperature, BJ(x) is determined to one, and M achieves to the 
saturation magnetization MS: 
 





    
 (1.22) 
 
For x << 1,  (= ∂M/∂H) can be written as 
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 .        (1.23) 
 
 












 7.88 11.82 14.17 
gJ 2 3/2 4/3 
  
In this approximation the magnetic susceptibility obeys the Curie law. The values of gJ and χT 






) are given in Table 1.2. 


























.      (1.24) 
 
The constant C depends on the spin multiplicity 2J+1 of the ground state. This relation is called 
the Curie law where C is the Curie constant. 
 
 Ac Susceptibility26,34 1.7.6
Slow relaxation of magnetization is one of the interesting features of the magnetic behavior 
of a molecular cluster. This feature was first discovered in Mn12ac by ac susceptibility 
measurements.
8
 The dynamic response of a specimen might be induced by applying oscillating 
magnetic field, which depends on the frequency ω of the field. In general, the response can be 
expressed as the sum of an in-phase component χ’, and an out-of-phase component χ”, of the 
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susceptibility. If the change of the external oscillating magnetic field is slow compared with the 
relaxation time of the magnetization τ (i.e. ω << τ−1), the magnetization is always in equilibrium 
over the time-scale of the experiment. The measured susceptibility corresponds to the static 
susceptibility, which called the isothermal susceptibility χT. If the frequency is much faster than 
the reorientation of the magnetization (i.e. ω >> τ−1), the magnetic system is effectively isolated 
from the surrounding of the magnetization. Continuously, an adiabatic susceptibility χS is 












S .      (1.25) 
 
Indeed, the susceptibility can be expressed by the real and imaginary parts as: 
 




















 .       (1.26) 
 
Eq. 1.25 represents the Debye-type relaxation,
35 
 which is the response of an ideal with one 
relaxation time. The real part of susceptibility χ’ is in dispersion, and the imaginary part of 
susceptibility χ” is in absorption, as shown in Figure 1.8. When χ” is plotted against χ’, it is called 
the Argand or Cole-Cole plot,
36,37
 which a semicircle is drawn. The two parameters χS and χT can 
be extracted as the two zero-cross points of the semicircle against the χ” axis (see Figure 1.9), 
being constrained such that χT > χS. The experimental curve is fitting by the following expression: 
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)( .    (1.27) 
 
The experimental data in the Cole-Cole plot enable us to give α. The scalloped central angle 
of semicircle is given by π(1−α), as shown in Figure 1.9.   
 
 
Figure 1.8.  Theoretical frequency dependence of the real and imaginary component of the 
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Figure 1.9.  Cole-Cole plot where at a given temperature χ” is plotted versus χ’, for each 
frequency.  Solid line: no distribution in relaxation time (e.g. α = 0); broken line: a distribution in 
α according to Eq. 1.27 (e.g. α = 0.2 and 0.5).26 
 
 
 Experimental Section 1.8
The measurement instruments and the common measurement conditions used in the 
following Chapters are described below. For details, see the relevant Chapters.  
Dc and Ac Magnetic Measurements.  The dc magnetic susceptibilities and magnetizations of 
polycrystalline and powder specimens were measured on a SQUID magnetometer (MPMS-XL7, 
Quantum Design, Inc.) at temperatures from 1.8 to 300 K. The magnetization was measured in the 
static external field from 0 to 7 T. Diamagnetic contribution arising from the sample holder was 
corrected by subtracting separately measured blank data. The diamagnetism of intrinsic in the 
sample was deduced by using Pascal’s constants.25b Ac magnetic susceptibilities were measured 
on a PPMS ac/dc magnetometer (Quantum Design, Inc.) down to 1.9 K and up to 20 K at zero 
field and any dc bias field. 
Low-temperature magnetization of compounds was measured by means of a conventional 
inductive probe in pulsed-magnetic fields. The temperature when used a 
3
He cryostat was reached 
as low as 0.5 K.
38
 A polycrystalline specimen was mounted in a capillary made of Kapton. The 
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sample was not held on the sample tube, which was allowed to align in the magnetic field 
direction. When several shots of the magnetic field, the orientation effect of magnetization was 
saturated. Therefore, the identification magnetization curves were recorded. 
High-Frequency Electron Paramagnetic Resonance.  HF-EPR spectra for polycrystalline and 
powder samples were measured from 95 to 450 GHz in temperatures range of 1.7 – 40 K by using 
the TESRA-P EPR spectrometer installed at Institute for Materials Research, Tohoku 
University.
39
 The sample was packed in a case made of polyethylene. Gunn oscillators and 
backward traveling wave oscillators were utilized as radiation sources with an InSb applied as 
detector.
39 
The used measurement instruments and simulation software in Chapter 2 are as follows. 
TG-DTA Measurements.  Simultaneous thermogravimetry and differential thermal analysis 
was performed on a Rigaku Thermo Plus TG8120. The temperature scan rates were ranged from 2 
to 15 deg/min. 
Heat Capacity Measurements.  A heat capacity of a single crystal specimen in zero magnetic 
field was measured on a Quantum Design PPMS model 6000 according to the relaxation method. 
The sample was glued onto a calorimetric platform with a small amount of Apiezon N grease. The 
temperature was scanned range of 2 – 300 K. The contribution of the addenda was subtracted 
from the gross data including experimental data.  
Crystal Structure Analysis.  X-ray diffraction data were collected on a Saturn70 CCD 
diffractometer using graphite monochromated MoKα radiation (λ = 0.71073 Å). The structure was 
directly solved by means of a heavy atom method and expanded using Fourier techniques in the 
CRYSTALSTRUCTURE 4.0 program package.
40
 The thermal displacement factors of non-hydrogen 
atoms were anisotropically refined. After those of hydrogen atoms were placed at calculated 
positions, the hydrogen atoms were isotropically optimized by using a riding model. Full-matrix 
least-squares methods were applied using all the unique reflection data.  The Miller indices of a 
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single crystal specimen were determined on a Rigaku R-axis RAPID IP diffractometer at room 
temperature using graphite-monochromated MoKα radiation.  
Simulation Study.  All of the simulation studies were carried out the MAGPACK software 
version 00.1
41
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 Study on Triangular Ni3 Complexes 2
 Abstract 2.1
In the 3d ion-based system of SMMs, the relatively high energy barrier Δ and ground high 
spin polynuclear compounds are required. To design easily accessible molecules with uniaxial 
magnetic anisotropy, the author and co-workers have prepared a novel nickel(II) trinuclear 
compound [Ni3(tmen)3(μ2-Cl)3(μ3-OMe)(μ3-OH)](BPh4)·0.5MeOH·0.5CH2Cl2 (1; tmen = 
N,N,N’,N’-tetra-methylethylenediamine) with a characteristic trigonal bipyramid structure. For 
comparison with 1, two known compounds [Ni3(tmen)3(μ2-X)3(μ3-X)(μ3-OH)]X (X = Cl (2), Br 
(3)) were also investigated. The magnetic studies clarified the ground high-spin (S = 3) state, 
which the intramolecular exchange coupling parameters were determined as 2J/kB = 18.0±0.2, 
27.2±0.2, and 19.6±0.2 K for 1, 2, and 3, respectively. From the crystallographic analysis, the 
axes of triangular Ni molecular of 1 are aligned almost parallel in the crystallographic b axis. In 
addition, relatively short intermolecular Cl···Cl distances (3.725(1) and 3.847(2) Å) are found 
among linearly arrayed Ni3 molecules. Thanks to the molecular arrangement in this manner, two 
magnetic parameters, zero-field-splitting DS=3 and intermolecular exchange coupling parameters j 
could be estimated. The zero-field-splitting parameter DS=3/kB = −2.2±0.1 K was obtained by the 
single-crystal magnetic study, and the intermolecular exchange coupling parameter was 
determined as 2j/kB = −0.14±0.01 K from simulation. The intermolecular exchange coupling 
parameter is also possible to predict from the pulsed-field magnetization study. The magnetization 
on 1 at 0.5 K showed a jump at ca. 1.2 T. The alternating current magnetic susceptibility 
measurements revealed the Arrhenius behavior with Ea = 10.1±0.8 K at zero bias field. Therefore, 
the magnetic properties of 1 can be understood as an antiferromagnetic chain consisting of 
potential single-molecule magnets. 
  
 2.2  Introduction 
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 Introduction 2.2
The background and characteristics of the single-molecule magnets (SMMs) have been 
described in Chapter 1, and this section will make a brief introduction. SMMs of Mn12ac have 
appeared in the early 1990s, and they are supposed to have the potential applications for 
information storage media and quantum computing at the molecular level.
1-3
 These 3d systems 
show slow magnetization relaxation, which requires the magnetic anisotropy barrier (Δ) regulated 
with Δ = |D|S2 for integer S, where S is the spin quantum number, and D is the zero-field splitting 
parameter as uniaxial anisotropy.
1
 To increase Δ, it is important to develop ground high-spin 
polynuclear complexes having intermolecular ferromagnetic couplings.
2,4
  In addition to the 
examples of the Mn12 family,
5
 there are samples of SMMs from Co4 and Ni4 polynuclear 
complexes.
6,7
 Their structures involve cubane, half-cubane, and/or fused-cubane motifs.
8
  
Reducing the nuclearity seems to be another attractive issue for easy accessibility,
9
 and the 
ultimate in this direction has been realized in single-ion magnets.
10
 
From the work of Ghosh’s group, the Ni3-based molecules exhibiting SMM character have 
been developed, [Ni3L3(OH)(X)]·(ClO4) where L = 2-[(3-dimethylaminopropylimino)methyl]- 






). They possess an X-bridge atom and two μ2-bridging oxygen atoms 





and beneath the molecular plane (see Scheme 2.1).
11
 These compounds have a ground high spin S 
= 3 state, owing to intramolecular ferromagnetic interactions. Despite the low symmetry due to 
the presence of different “belt” bridges, the intramolecular exchange coupling parameters were 
determined by assuming a three-fold symmetry.  
In the present work, the author and co-workers utilized ligands as simplified as possible and 
have actually prepared a novel triangular compound [Ni3(tmen)3(μ2-Cl)3(μ3-OMe)(μ3-OH)]- 
(BPh4)·0.5MeOH·0.5CH2Cl2 (1; tmen = N,N,N’,N’-tetramethylethylenediamine or tmeda) having 
an approximate D3h symmetry for the complex cation moiety (Scheme 2.1). In this regard, there 
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have been a few reports on triangular nickel(II) compounds having a three-fold symmetry. Two 
known compounds [Ni3(tmen)3(μ2-X)3(μ3-X)(μ3-OH)]X (X = Cl (2), Br (3))
12,13
 with symmetrical 
“belt” bridges also seem to be attractive. Their synthesis and structures have already been reported, 
but no magnetic properties were known. The ground spin states for 2 and 3 will be clarified, 
which have the similarity with 1 in their magnetic properties.  
  
Scheme 2.1.  Trigonal bipyramid skeleton and coordination atoms of 1 – 3. 
 
 1 : X
 
 = Cl, Y
1
 = OH, Y
2
 = OCH3  
 2 : X = Y
1
 = Cl, Y
2
 = OH  
 3 : X = Y
1
 = Br, Y
2
 = OH 
 
 
The group theory tells us that molecules with a three-fold (or more) axis has a rhombic 
anisotropy parameter E = 0, and the uniaxial anisotropy D direction corresponds to the molecular 
axis.
14
 The absence of E will lead to raising an effective activation energy of the magnetization 
reversal. Furthermore, such a symmetrical structure will also justify the prevalence of a unique 
exchange coupling. Hence, the magnetic analyses of 1 – 3 will be simpler than those of the lower 
symmetry ones.
11
 Compound 1 exhibited peculiar low-dimensional properties due to 
intermolecular interaction, and as the last portion in this report the dynamical properties of weakly 
coupled SMMs with intermolecular antiferromagnetic interaction will be discussed. 
 
 Experimental Section 2.3
Preparation of [Ni3(tmen)3(μ2-Cl)3(μ3-OMe)(μ3-OH)](BPh4)·0.5MeOH·0.5CH2Cl2 (1).  To a 
green solution of NiCl2·6H2O (0.487 g, 2.1 mmol) in MeOH (6 mL) was added N,N,N’,N’- 
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tetramethylethylenediamine (tmen) (0.32 mL, 2.2 mmol) and NaBPh4 (0.240 g, 0.7 mmol). The 
resultant mixture was heated in a Discover microwave oven (CEM Corporation) at below 60°C 
and 200 W for 20 min, affording yellowish green powder. The powder was collected on a filter, 
washed with MeOH, and recrystallized from an 8/2 MeOH/dichloromethane mixed-solvent after 
insoluble impurity was filtered off with celite. Green crystals of 1 (48 mg (7%)) with m.p. 215°C 
(decomp.) were obtained. IR spectra were recorded on a Nicolet FT-IR spectrometer. IR (neat, 
attenuated total reflection): 3655 (O-H), 2873 (CH3), 1463, 775, 700, 610 cm
−1
. The elemental 
analysis (C, H, N) of their complexes on a PerkinElmer CHNS/O 2400 supported the chemical 
composition. Anal. Calcd.: C, 50.01; H, 7.15; N, 8.12% for C44H75BCl4N6Ni3O2.5; found: C, 
50.35; H, 7.31; N, 8.12%. Crystal structure: selected structure data are as follows. Formula 
C44H75BCl4N6Ni3O2.5 ([Ni3(tmen)3(μ2-Cl)3(μ3-OMe)(μ3-OH)](BPh4)·0.5MeOH·0.5CH2Cl2), mono- 
clinic, C2/c, a = 23.690(7), b = 19.112(5), c = 22.080(11) Å, β = 96.264(6)°, V = 9937(6) Å3, Z = 
8, dcalcd = 1.413 g cm
−3
, μ(MoKα) = 1.383 mm−1, T = 100 K, Rint = 0.0468, R(F) (I > 2σ(I)) = 
0.0532, Rw(F
2
) (all data) = 0.0891, and a goodness-of-fit indicator of 1.293 for 11360 unique 
reflections. 
Compounds 2 and 3 were prepared according to the methods described elsewhere.
12,13
  
Preparation of [Ni3(tmen)3(μ2-Cl)3(μ3-Cl)(μ3-OH)]Cl (2).  NiCl2·6H2O (1.188 g, 5.0 mmol) 
was dissolved in 15 mL dehydrated ethanol, and the mixture was heated at 50°C. To the solution 
was slowly added tmen (0.74 mL) by syringe, and the solution was stirred for 50 min at room 
temperature. The solution was concentrated until two thirds of the whole volume. After this 
concentrated solution was allowed to stand overnight, yellow-green crystals were separated out 
together with colorless deposition. The crystals were collected on a filter, washed with EtOH, and 
recrystallized from an 8/2 1,2-dichloroethane/EtOH mixed-solvent. Yellow-green crystals of 2 
(772 mg (65%)) were obtained with m.p. 320°C (decomp.). Anal. Calcd.: C, 30.07; H, 6.87; N, 
11.69% for C18H49Cl5N6Ni3O. Found: C, 30.20 H, 6.73; N, 11.54%.  
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Preparation of [Ni3(tmen)3(μ2-Br)3(μ3-Br)(μ3-OH)]Br (3).  NiBr2 (502 mg, 2.3 mmol) and 
THF (30 mL) were added to a two-neck round-bottom flask under a nitrogen atmosphere, and the 
mixture was stirred and boiled for 20 min. The mixture turned bluish-green. An excess amount of 
tmen (0.7 mL) was added to the solution by syringe. Refluxing for 1.5 h followed by cooling to 
room temperature gave pale green solids, which were collected on a filter and washed with THF. 
The resultant green solids were recrystallized from a 1/1 THF/CH2Cl2 mixed solvent using a 
vapor diffusion method with ether. Green solids together with insoluble impurities were deposited, 
and pale green crystals of 3 (160 mg (22%)) with m.p. 205°C (decomp.) were collected on a filter. 
Anal. Calcd.: C, 22.97; H, 5.25; N, 8.93% for C18H49Br5N6Ni3O. Found: C, 22.87 H, 5.49; N, 
8.90%. 
Magnetic measurements.  The measurement instruments are described in Chapter 1.8. To study 
the details of the magnetic data in a low temperature region, the measurements were performed in 
500 Oe dc field applied. The accuracy of the data in 100 – 300 K was checked by referring the 
data measured at 5000 Oe. In the measurements of magnetization and susceptibility, the 
specimens of 1 – 3 were fixed in a small amount of eicosane so that the data on randomly oriented 
polycrystalline specimens could be acquired. A small amount of eicosane in a holder was melted 
with a heat gun, and then specimens were added. After being cooled to room temperature, the 
sample was fixed by solidified eicosane. The cell holders made of gelation and polyethylene film 
were used. For the magnetic anisotropy study, a green single crystal (2.0×1.0×0.6 mm
3
) of 1 was 
fixed with a small amount of Apiezon H grease. The crystal faces of 1 were characterized with the 
Miller indices prior to the magnetic study. In the measurement of single-crystal magnetization, the 
crystallographic principal axis of the single-crystal was made parallel to a magnetic field 
direction. 
 
 2.4  Results 
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 Results 2.4
 Preparation  2.4.1
The molecular design such as Ni
II
3X3Y2 (Scheme 2.1) contains a counter anion to balance the 
charge. A sterically bulky BPh4
−
 seems to be suitable for this propose. Actually, a novel ionic 
crystal [Ni3(tmen)3Cl3(μ3-OMe)(μ3-OH)]BPh4 has been developed. The isolated crystal of 1 
involves solvent molecules in the clearance of the ions, as clarified by means of single-crystal 
X-ray diffraction study (see below) together with elemental analysis.  
 





Figure 2.1.  (a) Simultaneous TG-DTA measurements of 1. The specimen was heated from 30 to 
250 ºC at a sweep rate of 10 ºC /min. A small triangle indicates an endothermic signal. (b) TG 
curves of 1 measured at four heating rates from 2 to 15 ºC /min. 
 
The result of the thermogravimetry (TG) and differential thermal analysis (DTA) for 1 is 
shown in Figure 2.1. A broad endothermic DTA peak of 1 was observed around 160°C, and a 
concomitant gradual weight loss was recorded in TG by ca. 6%. The strong peaks of DTA and TG 
indicate the decomposition of specimen of 1 above ca. 220°C. The weight loss percentage around 
160°C is significantly close to the calculated value (5.5%) from the desorption of a half MeOH 
and a half CH2Cl2 molecules in the formula of 1, [Ni3(tmen)3(μ2-Cl)3(μ3-OMe)(μ3-OH)]- 
(BPh4)·0.5MeOH·0.5CH2Cl2, as determined by means of elemental analysis. The elemental 
analysis also clarified that the solvent molecules hardly escaped from the crystal during the 
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present experiments. This finding is supported by the desorption temperature much higher than 
room temperature. There is no effect on the magnetic measurement. 
Two known compounds, 2 and 3, were also prepared, and their crystal structures were 
confirmed. The difference of 2 and 3 is the halide ligands such as “belt” parts around the Ni 




, respectively). They isomorphously crystallize in the 
same P212121 space group. Compound 3 tends to decompose and change color from greenish 
brown to greenish white in the air, while 2 is relatively stable. The hydrogen bond is present 
between the cap ligand OH
−






). The crystal packing seems to be 
tight, so that no lattice solvent molecule is incorporated. These preparations and characterizations 
well reproduced the previously reported results.
12,13 
 









Figure 2.2.  ORTEP representation of 1 with selected principal atomic numbering. Thermal 
ellipsoids are drawn at the 50% level. Only the major conformations are shown except the 
low-occupancy atoms, C44 – C47. The methanol configuration is assumed to be 1/1 disordered 
due to the symmetry. 
 
From the X-ray crystal structure of 1, this formula  was determined as 
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[Ni3(tmen)3(μ2-Cl)3(μ3-OMe)(μ3-OH)](BPh4)·0.5MeOH·0.5CH2Cl2 (Figure 2.2). The 
asymmetric unit involves one [Ni3(tmen)3(μ2-Cl)3(μ3-OMe)(μ3-OH)]
+
 cation, one BPh4
−
 anion, a 
half of methanol and dichloromethane molecules. Three Ni(tmen) moieties and three chloride ions 
are alternatingly arranged in the “belt” of the [Ni3(tmen)3(μ2-Cl)3(μ3-OMe)(μ3-OH)]
+
 cation. There 
are four disordered C atoms as an ethylene conformation isomer in the Ni3 cation of 1. The 
occupancy factors of C2 – C3/C44 – C45 and C14 – C15/C46 – C47 were refined to be 
0.662(12)/0.338(12) and 0.728(13)/ 0.272(13), respectively.  
 
Table 2.1.  Selected bond lengths (d in Å) and bond angles (θ in °) of 1. 
 d / Å  d / Å  θ / ° 
Ni1–Cl1 2.4309(11) Ni2–O2 2.087(2) Ni1–O1–Ni2 87.95(10) 
Ni1–Cl3 2.4407(11) Ni3–O1 2.149(3) Ni2–O1–Ni3  87.84(9) 
Ni2–Cl1 2.4324(15) Ni3–O2 2.068(3) Ni3–O1–Ni1 87.29(10) 
Ni2–Cl2 2.4231(15) Ni1–N1 2.141(3) Ni1–O2–Ni2 91.42(8) 
Ni3–Cl2 2.4344(10) Ni1–N2 2.160(3) Ni2–O2–Ni3  91.27(8) 
Ni3–Cl3 2.4212(10) Ni2–N3 2.141(3) Ni3–O2–Ni1 91.69(9) 
Ni1–O1 2.150(3) Ni2–N4 2.174(3) Ni1–Cl1–Ni2 75.41(3) 
Ni1–O2 2.068(2) Ni3–N5 2.137(3) Ni2–Cl2–Ni3 75.39(3) 
Ni2–O1 2.133(3) Ni3–N6 2.179(3) Ni3–Cl3–Ni1 75.22(4) 
 
 
Table 2.2.  Selected interatomic distances (d in Å) of 1.
a)
 














For the symmetry operation codes, see Figure 2.3. 
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Each nickel ion of 1 has a distorted octahedral coordination structure with Cl2N2O2 donor 
atoms. The octahedron is elongated toward two chloride bridges (2.43(1) Å for Ni–Cl on the 
average, Table 2.1) while compressed toward μ3-OH and μ3-OCH3 groups (2.11(4) Å for Ni–O on 
the average, Table 2.1). Neighboring nickel ions share a Cl1O2 face, and the three atoms are 
presumed to give intramolecular magnetic exchange paths. The triangular Ni plane is capped with 
a μ3-OCH3 group from one pole and a μ3-OH group from the other. The two μ3-O atoms form a 
pseudo-three-fold axis. The Ni
2+
 ions of 1 are formed as an almost equilateral triangle with almost 
equivalent interatomic Ni···Ni distances of 2.974(1) (Ni1···Ni2), 2.970(1) (Ni2···Ni3), and 
2.967(2) Å (Ni3···Ni1) (Table 2.2). The averaged angles of Ni–μ3-O(H)–Ni and Ni–μ3-O(CH3)–
Ni are 91.5(2) and 87.7(3)°, respectively. Neighboring Ni
2+
 ions in the Ni3 core are connected 
with a μ2-Cl bridge. The angles of Ni–Cl–Ni are 75.41(3) (Ni1–Cl1–Ni2), 75.39(3) (Ni2–Cl2–
Ni3), and 75.22(4)° (Ni3–Cl3–Ni1). As Figure 2.2 and Table 2.1 show, the symmetry of the 
cation moiety can be regarded as C3v, but the Ni3Cl3O2 core is an approximate D3h (a trigonal 
bipyramid). 
The cation portions of 1 are arranged almost parallel, which give a layered molecular 
arrangement (Figure 2.3). Namely, all the molecular axes of the Ni3 cation are approximately 
aligned to the b axis direction. As Figures 2.3b and 2.3c display, there are two layers located at 
b/4 and 3b/4 in a unit cell. The tilt angles of the Ni3 molecular plane against the ac plane are 
within ca. 7.1°. 
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Figure 2.3.  Packing diagrams of 1 projected onto (a) the ac, (b) the ab, and (c) the bc planes. 
An anion, solvent molecules (CH2Cl2 and MeOH), and hydrogen atoms are omitted for the sake of 




 contacts are illustrated by 






 are (1−x, y, 3/2−z), (1/2−x, 1/2−y, 1−z), 
and (1−x, y, 1/2−z), respectively.  
 





) in the crystal of 1 are 3.847(2) and 3.725(1) Å, which are 
close to the sum of the van der Waals radii
15









 are (1−x, y, 3/2−z) and (1/2−x, 1/2−y, 1−z), respectively. 
These intermolecular geometries alternatingly repeat in the a + c diagonal direction. On the other 
hand, the third nearest neighboring intermolecular distances (Cl1···Cl1
iii
) in the crystal is found 
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within a layer (the symmetry operation code for 
iii
 is (1−x, y, 1/2−z)). This distance is 8.633(5) Å 
and over twice as long as those of the first (Cl2···Cl2
i
) and second (Cl3···Cl3
ii
) intermolecular 
distances. Furthermore, because the interlayer distance is also relatively long (b/2 = 9.56 Å), the 
molecular arrangement of 1 can be regarded as a one-dimensional (1D) chain along the a + c 
direction (Figure 2.4). The quasi 1D chain seems to recuse the exchange path through the 





) will provide intermolecular exchange paths, and accordingly the present crystal 
structure allows the magnetic analysis based on a quasi 1D model. 
 









Figure 2.4.  Packing diagrams of 1 projected onto (a) the ac, (b) the ab, and (c) the bc planes. 
Triangles denote the Ni trinuclear molecules. Dotted lines imply possible intermolecular 
interaction through relatively short Cl···Cl distances, which form one-dimensional (1D) chains in 
the a + c direction. Red and blue chains are symmetry-related arranged at different levels (b/4 and 
3b/4).  
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As shown in Scheme 2.1, the molecule of 1 has two O caps (–OH and –OCH3 groups), while 
2 and 3 have the caps of an O atom and a halogen atom (Cl for 2 and Br for 3). The averaged 
intramolecular Ni···Ni distance of 1 is the shortest (2.970(4) Å on the average) of these 
compounds; those of 2 and 3 are 3.04
12
 and 3.13 Å,
13
 respectively. Compounds 2 and 3 crystallize 
in an orthorhombic P212121 space group (Figure 2.5). The molecular axis direction seems to be 
important, because it coincides with the direction of uniaxial magnetic anisotropy. Although the 
arrangement of the Ni3 cation of 2 and 3 is different from that of 1, these Ni3 molecular structures 
are similar to each other. There are four molecular axis directions in a unit cell of 2 and 3, and 
each molecular axis tilts each other. Estimation of the magnetic anisotropy seems to be difficult 
for 2 and 3. Therefore, the molecular arrangement of 1 (Figure 2.3) is concluded to be unique and 
suitable for the detailed study of magnetic anisotropy and exchange couplings. Relatively short 
intermolecular Cl···Cl and Br···Br distances are found; the shortest one is assigned between the 
“belt” halogen atoms (4.232(8) Å for 2 and 4.158(3) Å for 3) and the second one between the 
“belt” and cap halogen atoms (4.667(7) Å for 2 and 4.339(2) Å for 3). The former constructs a 1D 
chain, and the latter weakly connects the chains. The interchain connection gives rise to a 
three-dimensional network (Figure 2.5), which may be responsible for the bulk magnetic property. 
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Figure 2.5.  Packing diagrams of 3
13
 projected onto (a) the ac, (b) the bc, and (c) the ab planes. 
Triangles denote the Ni trinuclear molecules. Dotted lines imply possible intermolecular 
interaction through relatively short Br···Br distances, which form a three-dimensional network. 
Red and blue dotted lines denote strong interaction, and gray dotted lines denote weak interaction. 
The packing diagrams of 2
12
 are quite similar to that of 3 at only difference of the halogen atom. 
 
 
 Magnetic Properties 2.4.3
The dc magnetic susceptometry of polycrystalline specimens of 1 – 3 were performed, in 
which the randomly oriented samples were fixed with eicosane (Figure 2.6). The detailed 
measurement conditions are described in Chapter 1, Section 1.8. The mT values at 300 K were 














, SNi = 1, g = 2). These large mT values at 300 K can be mostly explained by the 
larger g values. The mT is proportional to g
2




 is expected from g = 2.3. 
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 at 20 K, respectively), indicating 
the presence of considerably strong intramolecular ferromagnetic interaction. Below 20 K, the 
mT values of 1 – 3 decreased owing to intermolecular interaction and/or zero-field-splitting 
(ZFS) effect.  
The intramolecular exchange parameters (J’s) of 1 – 3 were estimated. The three J’s are 
assumed to be unique in each molecule because the three Ni centers form an approximate triangle 
with three-fold symmetry. Based on the spin-Hamiltonian (Eq. 1.13 in Chapter 1), the van Vleck 
equation (Eq. 1.16 in Chapter 1)
17











Figure 2.6.  Temperature dependence of mT for 1 – 3 measured. In the temperature range from 
1.8 to 100 K, they were measured at 500 Oe. While the ranging from 100 to 300 K, at 5000 Oe. 
The solid lines represent calculated curves. For the parameters, see the text.  
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The solid lines in Figure 2.6 represent the best fit to Eq. 1.16 in a temperature range from ca. 
60 to 300 K for 1 – 3. The optimized parameters were 2J/kB = 18.0±0.2, 27.2±0.2, and 19.6±0.2 K 
with g = 2.32±0.01, 2.21±0.01, and 2.27±0.01 for 1, 2, and 3, respectively. The g value of 1 is 
close to that of the preliminary high-frequency electron paramagnetic resonance (HF-EPR) 
measurements (Figure 2.7). The ν-intercept of the red line gave determination of the D value, 
which was deduced to DS=3/kB = −2.2±0.1 K. The negative sign of DS=3 from the relative signal 
intensity were determined. Figure 2.7b shows the temperature dependence of HF-EPR spectra at 
360 GHz on a powder specimen of 1. When the strong signal intensity was observed at a low-field 
region, the signal intensity was reduced on elevating temperature. This phenomenon means that 
the signal originates in the transition from the ground spin state. For details of the analysis method, 
see ref 11. 
 










Figure 2.7.  (a) Selected HF-EPR spectra on a powder specimen of 1. The spectra are offset in 
proportion to the frequency. A broken line is shown in a g = 2 line. The g value gz = 2.33±0.04 
from the slope of the red line. (b) Temperature dependence of HF-EPR spectra at 360 GHz on a 
powder specimen of 1.  
 
The unique molecular arrangement of 1 (Figure 2.3) enables us to determine the magnetic 
anisotropy. The results of the magnetization measurements on a single crystal and a powder 
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specimen of 1 are summarized in Figure 2.8, measured in a magnetic field range 0 – 7 T at 1.8 K. 
The plot displays the data with the magnetic fields applied parallel to the a, b, and c axes. The 
averaged magnetization data over the three directions was closely to the powder data. The present 
results revealed that the b axis is located parallel to a magnetic easy axis. From Figure 2.3, the b 
axis corresponds to the molecular symmetry axis. Consequently, it is reasonably accepted that the 
magnetic moment would arise perpendicular against the Ni3 triangle in each molecule. On the 
other hand, the magnetizations along the a and c axes linearly increased with respect to the 
applied field. This behavior is typical of hard-axis magnetization process in uniaxial magnetic 
systems, which the nearly coincident data of the a and c axes were regarded as hard-plane data. 
The crossing point between the easy-axis and hard-plane data was formed as the maximum 
coercive field. An extrapolation gave 8.35 T, it should be noted that that a metamagnetic-like 
jump occurred at ca. 1.2 T in the data of H//b and also in powder. They were conjectured that this 
jump would be caused by a weak intermolecular interaction acting between neighboring 
molecules. This point is discussed later.  
 
 
Figure 2.8.  Single-crystal magnetization data for 1 measured at 1.8 K. 
 
As 2 and 3 are isomorphous, the magnetization curves of 2 and 3 basically showed a similar 
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behavior (Figure 2.9). However, the magnetization of 3 measured at 1.8 K showed a sigmoid 
curve such as metamagnetic behavior with a broad inflection around 1 – 2 T, while 2 only 
displayed a typical monotonic magnetization curve under the same conditions. This finding 







Figure 2.9.  Magnetization curves for (a) 2 and (b) 3. 
 
Now let us evaluate an activation energy for the magnetization reorientation and a 
zero-field-splitting parameter D
18
 for 1. As for a magnetic single domain such as SMMs, a 
magnetization process involves only a magnetization reversal.
19
 The orientation of the magnetic 





u VHMVKE  )( ,     (2.1) 
 
where Ku is an anisotropy energy, V is the volume per unit, Ms is the saturation magnetization, θ is 
the angle between the easy axis and the field, and θ0 is the angle between the easy axis and the 
saturation magnetization. These angles are shown in Scheme 2.2.  
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Scheme 2.2.  Angles of θ and θ0 associated with the direction of the magnetic easy axis, the 













)()( .   (2.2) 
 
When Eq. 2.2 has the minimum energy, it is zero. Then θ0 = 90° value is substituted into Eq. 2.2, 
cosθ = MsH/2Ku was obtained. The activation energy is given by Δ = KuV. The anisotropy energy 
is related to an anisotropy field Ha by the expression Ha = 2Ku/Ms.
20
 The anisotropy field coincides 
with the maximum coercive field.  
From Figure 2.8, μ0Ha and Ms were found to be 8.35 T and 6.82 μB, respectively. The 
anisotropy energy was estimated as Ku/kB = 19 K from the above values. On the other hand, the 
anisotropy energy is expressed by Néel-Arrhenius theory
21
 (Eq. 2.3) where τ is a relaxation time 
and τ0 a pre-exponential factor. 
 
    (2.3) 
 
An activation energy Δ causes a magnetization dynamics, as regulated with Δ = |D|S2.1 Using the 
activation energy Δ/kB = 19 K and the molecular total spin S = 3, the ZFS parameter was 

























2  Study on Triangular Ni3 Complexes 
 
 










estimated as DS=3/kB = −2.1 K. The negative sign was chosen from the uniaxial magnetic 
anisotropy and the results of the HF-EPR measurements on 1 (Figure 2.7). The anisotropy energy 
is also related to the slope of the hard plane data as expressed with Eq. 2.4. From the slope of this 
equation Ku/kB = 20 K was obtained, thus leading to DS=3/kB = −2.2 K. By taking average of these 
two values, DS=3/kB = −2.2±0.1 K is determined for the Ni3 cation of 1. The present DS=3 value is 
close to that of the HF-EPR results (Figure 2.7).  
 
      (2.4) 
 
The pulsed-field magnetization curve for 1 measured at 0.5 K is shown in Figure 2.10. A 
major magnetization jump was recorded at 1.2 T besides minor steps between 2.0 and 3.3 T, 
measured with a sweep rate of 6.3 T/ms. The major jump coincides with that found in the 
magnetization curve by SQUID results (Figure 2.8). The additional minor jumps are possibly 
caused by the enhancement of the relaxation at the level crossing of the SMM energy state.
11
 In 
fact, the intensities and the positions of the minor jumps are sensitive to the sweep velocity of 
pulsed magnetic fields. 
The molecular arrangement of 1 shows a quasi 1D structure due to the interatomic interaction 
via Cl···Cl contacts. The major jump may be ascribed to the reorientation of the 
antiferromagnetically coupled S = 3 spins in a quasi 1D chain. These interatomic interactions 
would trigger an exchange bias prohibiting tunneling at zero magnetic field; namely, the presence 
of exchange bias leads to remnant magnetization. For examples,
22
 [Ni(hmp)(MeOH)Cl]4·H2O and 
[Ni(hmp)(EtOH)Cl]4·H2O (hmpH = 2-(hydroxymethyl)pyridine) have a pseudo three-fold axis 
symmetry. The magnetization curves at 0.04 K of these compounds show some jumps and the 
remnant magnetization due to intermolecular interaction through Cl···Cl contact.
22
 These first 
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jump seems to record at ca. 0.3 T, at which are smaller than the jump of 1 at 1.2 T. To investigate 
the nature of the relaxation, the ac magnetic susceptibilities were measured at zero field and at 
certain dc bias field inside a hysteresis loop.  
 
 
Figure 2.10.  (Top) Pulsed-field magnetization curve and (Bottom) differential of magnetization 
for 1 measured at 0.5 K. The inset shows a field-scan sequence as a function of time.  
 
The ac susceptibilities of 1 are plotted as a function of temperature and ac frequency (Figure 
2.11). These data were recorded at applied magnetic fields (Hdc) of 0, 10, and 15 kOe in 1.9 – 20 
K. The latter field was chosen for cancelling the intermolecular antiferromagnetic coupling. The 
temperature dependence of out-of-phase (”) signals was observed in a low temperature region. 
At 15 kOe, the SMM is aligned to the field direction, and the relaxation of the SMM can be 
observed without the influence of weak antiferromagnetic coupling, as indicated with their 
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sharper upsurge of ’ in (c) than in (a). 
 

















Figure 2.11.  Ac susceptibilities for 1 measured (a) at zero dc bias field, (b) at the dc bias field 
of 10 kOe, and (c) at the dc bias field 15 kOe. ’ and ’’ represent the in-phase and out-of-phase 
components, respectively.  
 
One may notice that the onset of the ” is nearly the same between the data sets recorded 
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under two conditions. It indicates that the origin of the present relaxation is common. Figure 2.12 
shows the modified Arrhenius plots
23
 for 1 based on Eq. 2.5 from the ac susceptibility data 
(Figure 2.11). Selected four high frequency and region low temperature, the plots displayed, 
which the calculation was estimated with all plotted data. The plot shows non-linear temperature 
dependence. 
 

















Figure 2.12.  Modified Arrhenius plots
23
 for 1 (a) without, (b) with the dc bias field of 10 kOe, 
and (c) with the dc bias field of 15 kOe. Dotted lines imply the calculation using the four 
frequency data. Solid lines are drawn for a guide to the eye.  
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The effective energy barriers Ueff of the magnetization reversal and pre-exponential factors τ0 







 s without, with Hdc = 10 kOe and with Hdc = 15 kOe, respectively. 
The barrier is almost unchanged among the three, and the values are not far from the estimated 
barrier caused by the uniaxial anisotropy. The dominant origin of the observed relaxation can be 
concluded to be the activation energy from the uniaxial magnetic anisotropy of 1 as a SMM. The 
experimental activation energy barrier is smaller than that of the calculation (Δ/kB = 19 K), 
probably because of the presence of longitudinal magnetization due to the molecular axis tilted by 
ca. 7.1° against the ac plane. 
 
 Discussion 2.5
The topics of ferromagnetic exchange paths are discussed in this section. Compounds 1 – 3 
were found to possess intramolecular ferromagnetic coupling, configuring the ground S = 3 
molecules. As noted in Chapter 1, Section 1.4, according to the Anderson-Goodenough-Kanamori 
rule,
24
 ferromagnetic coupling is larger when a Ni–O–Ni angle approaches 90° (superexchange 
mechanisms). The angle Ni–O–Ni in the range 90±14° is proposed to favor ferromagnetic 
coupling.
25a
 The principal pathway of ferromagnetic coupling in 1 – 3 is considered to be via the 
μ3-O atom. “Cubane”-type Ni3O3 compounds have been well known
25
 to show ground high-spin 
states based on superexchange interactions across the μ3-oxido bridges.
25
 For example, the 
relationship between Ni–O–Ni angles and exchange parameters (J’s) has intensively been 
studied.
25k
 The averaged Ni–O–Ni angles are 90±0.2, 97±1, and 100±1° for 1, 2, and 3, 
respectively, and the present μ3-O capped structures seem to be suitable for ferromagnetic 
interaction.  
Another exchange interaction is supposed to occur via the μ2-halogen atom on the “belt”. The 
averaged Ni–X–Ni angles are 75.3±0.1, 77.3±0.2, and 75.5±0.2° for 1, 2, and 3, respectively. The 
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ferromagnetic exchange couplings though Ni–X–Ni have been reported,26 and the relation 
between J and the Ni–X–Ni angle indicates that the larger J values are derived from the smaller 
angles in the angular range of ca. 93 – 107°.26 Although the bridging halogen atoms are different 
in 2 and 3, the ferromagnetic trends in Ni–Cl–Ni and Ni–Br–Ni are similar.26b It is difficult to 
predict exactly J values from the relation plots proposed. The Ni–X distances are basically longer 
than the Ni–O distances. The J value is insensitive to the bridging X atoms. These findings 
suggest that the role of the Ni–μ2-X–Ni path would be minor for the ferromagnetic coupling 
observed here. 
The parameters g and J were determined from the high-temperature data, and the 




 are expected from g = 2.32, 2.21, 
and 2.27 for 1, 2, and 3, respectively. Paying attention only to the intramolecular origin, the χmT 
reductions recorded around, and below the χmT peaking temperature can be mostly understood in 
terms of the ZFS effect. Even after J and DS=3 were included in the magnetic analysis; however, 
the experimental data for 1 were still dislocated downward from the calculation. Contribution of 
intermolecular antiferromagnetic interactions seems to be important to interpret the further 
reduction of the experimental χm. It is rationalized from the small magnetization in a field region 
within ±1.2 T for 1 (Figures 2.8 and 2.10), which is related to the 1D structure through the 
intermolecular van der Waals halogen contacts (Figure 2.3).   
The intermolecular interaction in the crystal of 1 takes place through the halogen···halogen 
contacts between neighboring Cl atoms from adjacent complex ions (3.847(2) and 3.725(1) Å), as 
clarified in the crystallographic analysis (Figure 2.3). The Ni3 molecules behave as an S = 3 
species in such a low temperature region, and, to simplify a model, a Ni3 molecule is assumed as 
an S = 3 center with the ZFS constants DS=3 (−2.2 K) and null ES=3. Furthermore, the chain is 
supposed to be uniform. Simulation according to the spin-Hamiltonian of Eq. 2.6 will lead to 
quantify the intermolecular coupling constant j. Here, each i-th and k-th site has an S = 3 center. 
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ki SDSSjHHH .                 (2.6) 
 
The chain is infinite, and accordingly finite oligomer models should be introduced to satisfy a 
cyclic boundary condition. Owing to the computational cost, n = 1, 2, 3, 4, and 5 n-mer (oligomer) 
model calculations of the S = 3 species were performed in the MAGPACK software
27
 (Figure 
2.13). The simulation curves were drawn so that the experimental data appeared between the 
calculated curves of the tetramer (4-mer) and pentamer (5-mer) models. Eventually, the parameter 
2j/kB was estimated to be −0.14±0.01 K for 1. The errors of the parameters 2j/kB were estimated to 
be ±0.01 K from several simulation works. 
 








Figure 2.13.  (a) Experimental and calculated χm for 1 at a dc field of 500 Oe. The lines 
represent simulations of cyclic oligomer (n-mer) models of S = 3 centers with DS=3/kB = −2.2 K, 
2j/kB = –0.14 K, and g = 2.32. (b) Experimental and calculated magnetization curves for 1 at 0.5 K. 
Dashed lines represent simulation curves on cyclic n-mer models of S = 3 centers. The parameters 
are the same as those of (a).  
 
As Figure 2.13a shows, the χm value of the experimental data around 50 K fell below the 
calculation data because of the thermal depopulation of the S = 3 state. At lower temperatures, the 
simulation curves better reproduced the experimental data. The magnetization curve of 1 at 0.5 K 
was also calculated with the same magnetic parameters by using MAGPACK (Figure 2.13b). The 
 2.5  Discussion 
  
 
- 58 - 
field position of the magnetization jump was calculated to be 1.4 T. The experimental critical field 
was 1.2 T (Figure 2.10). Although the finite models were utilized, the two fields are considerably 
close to each other. This finding supports that the estimated j value is reliable and furthermore 
affords complete comprehension of the metamagnetic-like behavior.  
Similarly, the j and DS=3 values of 2 and 3 could be estimated by simulation using 
MAGPACK (Figure 2.14). Note that we could not determine the DS=3 values from the 
magnetization measurements of single crystal specimens. Thus, after determination of DS=3 was 
skipped, the j values were firstly calculated by the simulation of the magnetization curves. The j 
value is related with the jump position of the pulsed-MH curve like Figure 2.13b. Actually, they 
derived 2j/kB = –0.06 K from the jump position 0.5 T for 2 and 2j/kB = –0.15 K from 1.4 T for 3 
(Figure 2.15).  
 








Figure 2.14.  Experimental and calculated χm for (a) 2 and (b) 3 at a dc field of 500 Oe. The lines 
represent simulations of cyclic oligomer (n-mer) models of S = 3 centers with DS=3/kB = −1.6 and 
−2.4 K, 2j/kB = –0.06 and –0.15 K, and g = 2.21 and 2.27 for 2 and 3, respectively.  
 
By using these j’s, the DS=3 values of 2 and 3 were estimated from a simulation of the m vs. 
T curves of an S = 3 species (Figure 2.14). Namely, only the DS=3 value was variable, while the g, 
2j, and ES=3 (=0) were frozen, and the simulation curves were drawn so that the experimental data 
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were located between the calculated curves of the trimer and tetramer models. The parameters 
were optimized DS=3/kB = −1.6 and −2.4 K for 2 and 3, respectively. The errors were estimated to 
be ±0.2 K from several simulation works. Table 2.3 summarizes the results of the magnetic 
parameters on 1 – 3. It should be noted that there is a sharp increase of m in 3 at around 3 K. As 













Figure 2.15.  (Top) Pulsed-field magnetization curve and (Bottom) differential of magnetization 
for (a) 2 and (b) 3, measured at 0.5 and 0.4 K, respectively. In (a, top), calculated magnetization 
curves (dashed lines) for 2 are superposed. The parameters are the same as those of Figure 2.14. 
 
One may wonder if there would be any relationship between the molecular structure and 
magnetic anisotropy. From the comparison among the two Ni3Cl3O2 clusters investigated here, the 
strong magnetic anisotropy may be related to the smaller Ni–O–Ni angles; namely, DS=3/kB = 
−2.2±0.1 K was found in the complex with the Ni–O–Ni angle of 90±2° while DS=3/kB = −1.6±0.2 
K for the complex with 97±1° (compounds 1 and 2, respectively). Unfortunately, there are too 
small numbers of the examples to discuss any further. The capping oxygen atoms may play an 
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important role both in the superexchange coupling and in the magnetic anisotropy. 
There have been several reports which describe the linked SMMs having intermolecular 
interactions.
28
 Linked SMMs would prohibit the zero-field tunneling by the exchange and/or 
dipolar bias, possibly improving magnetic coercivity.
29
 The frequency dependence of the ac 
susceptibilities of 1 (Figure 2.11) reveals that the molecule has a magnetization reversal barrier. 
Compound 1 has been proven as a potential SMM. From the previous studies,
11
 the three 
analogous Ni triangular compounds were SMMs showing hysteresis loops in the pulsed-field 
magnetization measurements at 0.5 K. As seen in Figure 2.10, the intermolecular 
antiferromagnetic interaction was appreciable in 1, the ground state magnetization was almost lost, 
and the pure SMM character was hidden. The Arrhenius behavior may be related to the remaining 












Figure 2.16.  Low temperature heat capacity of 3 in zero magnetic field. 
 
The author has to make a comment on a χm jump at 3.2 K observed for 3. The SQUID 
measurements of 3 revealed that the magnetization curve measured at 1.8 K showed a sigmoid 
while only a monotonic curve was recorded at 3.3 K (Figure 2.9b). Preliminary heat capacity 
measurements on 3 clarified the bulk magnetic phase transition at 3.2 K by relaxation method 
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(Figure 2.16). An orange line at low-temperature region (0 – 2 K) indicates an extrapolation. The 




. The value is smaller 




 by a magnetic contribution of Rln 7, which is the thermal 
excitation of electrons in a molecule from an antiferromagnetic state to a paramagnetic state in the 
S = 3 species. As discussed in the section of the crystal structure, the magnetic network of 3 
shows the three dimensionality (Figure 2.5), which is responsible for the phase transition. Namely, 
there are antiferromagnetic “super-superexchanges”30 through the Ni–X···X–Ni paths (as opposed 
to the Ni–X–Ni superexchange paths). This mechanism mostly brings about antiferromagnetic 
interaction,
30
 but the intermolecular ferromagnetic coupling would attract much more attention to 
the materials researchers.  
Many reports described that the Br···Br intermolecular superexchange is stronger than that of 
Cl···Cl.
31
 In the present case the Cl···Cl distance in 2 is 17% longer than the sum of the ionic radii 
of Cl
−





 In fact, the intermolecular coupling of 3 (2j/kB = –0.15±0.01 K) was stronger 
than that of 2 (–0.06±0.01 K). Thus, it is rationally acceptable that 3 underwent the magnetic 
phase transition at 3.2 K but that 2 did not above 1.8 K.  
 
Table 2.3.  Magnetic parameters g, 2J, DS=3, and 2j for 1 – 3.  
Compounds 1 2 3 
g 2.32±0.01 2.21±0.01 2.27±0.01 
2JkB
−1
/K 18.0±0.2 27.2±0.2 19.6±0.2 
DS=3kB
−1
/K −2.2±0.1 −1.6±0.2 −2.4±0.2 
2jkB
−1
/K –0.14±0.01 –0.06±0.01 –0.15±0.01 
 
 
 2.6  Conclusion 
  
 
- 62 - 
 Conclusion 2.6
To realize (1) ground high-spin states and (2) strong anisotropy, novel trinuclear 1 with two 
μ3-O caps has prepared, and two known compounds 2 and 3 also were prepared. These purposes 
have successfully assessed by the structures and magnetic properties. It should be noted that the 
DS=3 value (–2.2±0.1 K) of 1 was larger than that of the previous work
11
 (DS=3/kB = (−1.67) –  
(−1.90) K). The Ni3 complex cations of 1 are linearly arranged in a crystal lattice. The Cl atoms at 
the “belt” in the complex cations are located close to each other, and the resultant Cl···Cl contacts 
lead to sizable intermolecular exchange coupling between the neighboring molecules. 
There are two common characteristics in the physical properties of the Ni3 complex ions in 1 
– 3 and the previous compounds.11 (1) Intramolecular ferromagnetic interactions give the ground 
high-spin state (S = 3). (2) A uniaxial anisotropy is supposed to be present in the molecular axis 
direction. They are regarded as a prerequisite of SMMs. The features specific for 1 are 
summarized as follows. Thanks to the molecular arrangement in the crystal, the DS=3 value has 
been precisely determined to be –2.2±0.1 K from single-crystal magnetic study. Furthermore, the 
cation portions of 1 are closely contacted and form an antiferromagentically coupled S = 3 SMM 
chain.  
The crystal structure of 1 is very unique, and the Ni3 trigonal bipyramid clusters like 1 – 3 
have the following general advantages in the development of SMMs: preparation is simple, 
typically by one-step, the cost is low because nickel(II) is a common metal ion, and the analysis is 
easy because of the high symmetry. It is of great interest to explore novel SMMs showing 
intermolecular interaction, and development in this line is feasible by appropriate molecular and 
crystal design.
28
 The halogen···halogen contacts seem to be one of good options to bestow 
intermolecular exchange couplings to SMM systems. The strength of intermolecular exchange 
coupling may be controlled by replacing a bulky substituent. 
The ligand tmen has also been used in triangular compounds with cobalt(II) and iron(II) 
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ions,
13,32
 and their molecular structures were similar to those of 1 – 3. The magnetic properties of 
the Fe derivative were investigated, and the intramolecular ferromagnetic coupling was found in 
the magnetic measurements in 90 – 300 K.32 The magnetic properties of the cobalt derivative have 
not yet been reported. Since a cobalt(II) ion has orbital angular momentum and magnetic 
anisotropy, the magnetic properties of the cobalt(II) triangles are of great interest for the 
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 Study on Hinge-like Dy(O2Cu)2 Complexes 3
 Abstract  3.1
In the 3d-4f heteronuclear systems, it is usually difficult to evaluate the exchange coupling of 
Ln
3+
 compounds by using conventional magnetic measurements because of the presence of 
unquenched orbital moment contribution and crystal field splitting. The HF-EPR technique was 
properly utilized to this system. The important point is that the resonance fields of 3d transition 















·H2O}n (6) were prepared by Ghosh and co-workers, using a metalloligand [Cu
II
(salpn)], where 





 ions are doubly bridged with oxygen atoms, and the core 
DyO2Cu skeletons are characterized by the “butterfly” angles of 140.9±0.1, 147±2, and 
142.4±0.2° for 4, 5, and 6, respectively. The author and co-workers have investigated that the 
molecular structures and magnetic properties of 4 – 6 by using high-frequency electron 
paramagnetic resonance (HF-EPR), magnetization, and magnetic susceptibility techniques. These 
compounds showed slow magnetization reversal and SMM behavior in the measurements of 
alternating current magnetic susceptibility. The HF-EPR analyses of frequency-field diagrams 
were used an effective spin-Hamiltonian including and found that the exchange couplings are 
ferromagnetic in all compounds. The exchange coupling parameters JDy-Cu’s of 4, 5, and 6 were 
determined as 2.25±0.05, 1.82±0.04, and 1.79±0.04 K, respectively. In order to find out 
relationship for exchange coupling parameter and structural parameters, the previously reported 









= N,N’-bis(3-methoxysalicylidene)-1,3-diamino-2,2-dimethylpropane) and [DyIIILB2(NO3)2{Cu
II
- 
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(CH3OH)}2](NO3)(CH3OH) (H2L
B
 = 2,6-bis(acetylaceto)pyridine). The present result shows an 
advantage of doubly oxygen-bridged motifs to contribute strong ferromagnetic interactions 
between 4f and 3d ions. The exchange coupling strength was found to be sensitive to the 
structural parameters such as bond angles, bond lengths, and “butterfly” angles. Determination of 
the exchange parameters would contribute to development of exchange-coupled 4f-3d 
heterometallic complexes.  
 
 Introduction 3.2
Single-molecule magnets SMMs with 3d ions have been well researched (see Chapter 1 and 
2), and heterometallic 4f-3d compounds have been also intensively studied for the development of 
SMMs,
1-3
 because using each lanthanide (Ln) ion has advantages in strong magnetic anisotropy 
and large magnetic moment.
4-6
 It is important to estimate the exchange coupling between 4f-3d 
ions for development of high-performance SMMs. The relationship of exchange couplings and 
structural parameters has been investigated in the Gd-Cu systems. In Gd-Cu systems, the 
ferromagnetic couplings between Gd
3+
 (S = 7/2) and Cu
2+
 (S = 1/2) are often observed;
7-10
 for 
example, the dinuclear doubly oxygen-bridged Gd-Cu complexes have ferromagnetic couplings 
and show the S = 4 ground state.
11
 In case of Gd-based complexes, the exchange coupling can be 
evaluated by combining the temperature dependence of the magnetic susceptibility and the 
magnetization curve at low temperature. It is because a Gd
3+
 ion is in the isotropic S-state, leading 
to simple analysis even with a powder sample. Moreover, the consideration of the LS multiplet 
splitting is not necessary to analyze the magnetic data at low temperatures because the splitting is 
very large. Hence, the exchange couplings have been quantitatively studied by conventional 
magnetometries,
11-13
 and their magneto-structure relation was well examined. It is noticed that a 





 ions are coupled ferromagnetically, there is a weak point of Gd complexes in 
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creating new SMMs; Gd
3+
 ion has a spin-only character and weak magnetic anisotropy. It is the 
disadvantage compared to the heavy Ln ions having an unquenched orbital moment and large 
magnetic anisotropy.  




 ions, there has 
been an essential difficulty in the determination of the exchange couplings. An analysis of 
temperature dependence of the magnetic susceptibility is quite difficult because of the complex 
energy scheme caused by the spin-orbit coupling and crystal field splitting (CFS), and thus the 
exchange coupling parameter can hardly be determined by the only magnetic susceptibility due to 
ignoring the spin-orbit coupling effects.  
Nojiri, Ishida, and co-workers have developed a new microscopic method for the precise 
evaluation of exchange coupling in SMMs including heavy Ln ions,
14-16
 and have established the 
usefulness in the studies of various 4f-3d-based SMMs.
2,17
 They utilize the high-frequency 
electron paramagnetic resonance (EPR) to observe the resonances of 3d transition metal ions 
biased by the exchange fields from Ln ions. The high magnetic field and low-temperature 
magnetization measurement which traces the ground state of the system is also combined with the 
EPR analysis. The author and co-workers would like to apply it to a series of 4f-3d heterometallic 
compounds with a small structural modification. The systematic work may afford a 
magneto-structure relation which is highly important in researches of 4f-based magnetic 
materials.  
There is, for example, the diphenoxo-bridged dinuclear Cu–Tb motif. It is found that when 
the environment around Tb
3+
 ion has a low symmetry of the ligand field, a uniaxial anisotropy 
may be favorable, but in a high symmetrical environment, axial anisotropy is weak.
18
 The paucity 
of such examples is presumably due to the low synthetic strategies using designed organic ligands 
allowing significant flexibility in the 3d-4f coordination clusters.
19









, a non-Kramers ion, H2salpn = 
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N,N-bis(salicylidene)-1,3-propanediamine), which show SMM behavior.20  
The motivation of the present work is to investigate the SMM behavior and 4f-3d exchange 




 (a Kramers ion) in different coordination 














(NO3)3bpy]·MeOH·H2O}n (6) have 
been synthesized, where bpy stands for 4,4’-bipyridine (Scheme 3.1). They possess a DyO2Cu 
structure in common. The ferromagnetic coupling by dc magnetic measurements and slow 
magnetization reorientation by ac magnetic susceptibility measurements for all complexes are also 
reported here. 
 
The next motivation is to study the exchange coupling of a few new Dy–Cu compounds and 
compare the results on relevant compounds. The examination of relation between the exchange 
couplings and various structural parameters would be helpful for rational molecular design and 
synthesis of high-performance SMMs and related magnetic materials. To the best of our 
knowledge such systematic study of exchange coupling has not been made so far.  
 
Scheme 3.1.  Structural formulae of 4 – 6. 
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 Experimental Section  3.3
The specimens 4 – 6 were provided by Mr. Soumavo Ghosh (Univ. of Calcutta). For the 
details of preparation and crystal structure analysis of the Tb analogues, see ref 21.  
The measurement instruments are described in Chapter 1.8. The magnetizations and 
susceptibilities on randomly oriented polycrystalline specimens were collected after the sample 




Compounds 4 and 5 have a similar chemical composition although there are some differences 
of the synthesis methods (solvents, temperature etc.). The phase purity of both 4 and 5 has been 
confirmed from the identity of the PXRD patterns (Figure 3.1), indicating that each isomeric 
structure was formed exclusively. 
 
 
Figure 3.1.  Powder XRD patterns of (top) 4 and (bottom) 5. 
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 Crystal Structures  3.4.2
Compounds 4 – 6 have the same [{Cu(salpn)}2Dy] core skeleton, like a molecular hinge with 
cisoid-transoid-type folding.
22
 Selected crystal data and structure refinement results for 4 – 6 are 
summarized in Table 3.1. The molecular structure of 4 together with atomic numbering is shown 
in Figure 3.2a. The space group of the crystal of 4 is tetragonal I41/a with Z = 8. In the trinuclear 
molecule, two metalloligands [Cu(salpn)] serve as a chelate ligand to the central Dy
3+
 ion via 
bidentate μ2-phenoxido oxygen atom in approximately coplanar orientation, making the 
{Cu(salpn)}2Dy coordination cluster transoid. In addition, three chelating nitrato (κ
2
O,O’) 
coligands are bonded to the Dy center, building up deca-coordination. Two of three nitrates also 
bridge (1κO:2κ2O,O’) the Cu atoms with the Dy centers. The molecule is symmetrically halved 
by a C2 axis passing parallel to the crystallographic c-axis through the O4−N3−Dy1 atoms. 
Accordingly the nearest Dy···Cu geometry is unique, which will be important information for 
modeling of exchange coupling.  
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Table 3.1.  Crystal data and structure refinement results for 4 – 6. 
Compound 4 (transoid) 5 (cisoid) 6 (polymeric) 
Formula C40H44N7O15Cu2Dy C35H38N7O15Cu2Dy C45H46N9O15Cu2Dy 
Formula weight 1152.42 1086.32 1242.49 
Crystal system Tetragonal Triclinic Monoclinic 
Space group I41/a P  C2/c 
a /Å 17.583(5) 10.467(3) 15.334(6) 
b /Å 17.583(5) 14.653(4) 25.950(10) 
c /Å 29.716(5) 15.096(4) 15.975(9) 
α /º 90 104.450(3) 90 
β /º 90 100.006(3) 113.080(4) 
γ /º 90 99.252(3) 90 
V /Å
3
 9187(4) 2156.8(11) 5848(4) 
Z 8 2 4 





 0.0890 0.2245 0.2336 
a)
 R =  ||Fo| – |Fc||/ |Fo|. 
b)
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Figure 3.2.  X-ray crystal structures (left) and skeletal views of the Dy surroundings and Cu 
atoms (right) for (a) 4, (b) 5, and (c) 6. Thermal ellipsoids are drawn at the 30% probability level. 
Hydrogen atoms and solvent molecules are omitted for clarity. Atomic labeling of selected atoms 
is also shown. Symmetry operation codes of # in 4 and * in 6 are (1−x, 1/2−y, z) and (1−x, y, 
1/2−z), respectively.  
 
The vertex of the coordination polyhedron of the central Dy
3+
 ion in 4 is symmetrically 
constructed by ten oxygen atoms from five bidentate ligands with an average Dy−O bond 
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distances of 2.51(1) Å that can be regarded as a distorted tetradecahedron.
23
 Selected bond 
distances and angles are summarized in Table 3.2. Four oxygen atoms of the two metalloligands, 




) are at the distances of 2.368(3) and 2.372(2) Å, respectively, 
where the symmetry operation code of # is (1−x, 1/2−y, z). 
 
Table 3.2.  Selected atomic distances (Å), bond angles (°), and “butterfly” angles (, °). 
Compound 4 5 6 
Dy1···Cu1 3.301(1) 3.311(2) 3.358(1) 
Dy1···Cu2 - 3.356(2) - 
Dy1–O1 2.368(3) 2.337(7) 2.376(6) 
Dy1–O2 2.372(2) 2.385(7) 2.387(7) 
Cu1–O1 1.944(3) 1.977(7) 1.976(6) 
Cu1–O2 1.952(2) 1.959(7) 1.975(8) 
Cu1–O3 - 2.802(8) - 
Cu1–O5 2.616(6) 2.446(10) - 
Dy1–O3 2.500(3) 2.496(7) 2.530(12) 
Dy1–O7/O4a) 2.543(7) 2.362(8) 2.606(14) 
Cu2–O3 - 1.944(8) - 
Cu2–O4 - 1.915(7) - 
Cu1–O1–Dy1 99.5(1) 99.9(3) 100.6(2) 
Cu1–O2–Dy1 99.1(1) 98.9(3) 100.3(3) 
Cu2–O3–Dy1 - 97.4(3) - 
Cu2–O4–Dy1 - 102.9(3) - 
 (Dy1−O1···O2−Cu1) 140.9(1) 148.9(3) 142.4(2) 
 (Dy1−O3···O4−Cu2) - 145.2(3) - 
a) 
O7 for 4 and O4 for 5 and 6.  
 
Each of the two symmetrically related terminal copper atoms of the trinuclear 
[{Cu(salpn)}2Dy] core in 4 is bonded to N2O2 donor set of atoms (O1, O2, N1, N2 for Cu1) of the 
tetradentate ligand salpn
2–, making up the equatorial plane with Cu−O and Cu−N distances of 
1.944(3) − 1.952(3) and 1.958(3) − 1.978(4) Å respectively. Two axial positions of the distorted 
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octahedral Cu1 atoms are occupied by oxygen atoms O5 and O8 of bridging nitrato coligand and 
acetone solvate at the distances of 2.616(6) and 2.573(4) Å, respectively. The bridging atoms are 
O1, O2, and O5, but the O1 and O2 bridges are important for the exchange coupling because they 
are located at the equatorial sites of Cu1.  
The space group of 5 is P  with Z = 2. The whole molecule is crystallographically 
independent. Two bidentate metalloligands are bonded to the central Dy atom in an asymmetric 
angular orientation via two μ2-phenoxido oxygen atoms (Figure. 3.2b) that can be regarded as 
cisoid coordination. Two chelating nitrato (κ2O,O’) and one coordinated water molecule build up 
the nine-coordination, approximately forming a tricapped trigonal prism.
20
 The third nitrato ligand 
is coordinated axially to the Cu atom of one of the coordinated metalloligands. 
The vertexes of the coordination polyhedron of the central Dy
3+
 ion in 5 are constructed by 
nine oxygen atoms with average Dy−O bond distances of 2.43(2) Å. The four of the nine oxygen 
atoms, namely O1, O2, O3, and O4, that belong to the two metalloligands are at distances 
2.337(7) − 2.496(7) Å. Another four oxygen atoms belonging to two nitrato coligands, i.e., O8, 
O10, O11, and O13, are at distances between 2.438(8) − 2.550(9) Å.  
There are two independent copper ions and accordingly two independent nearest Dy···Cu 
geometries. Each of the two terminal copper atoms of the trinuclear [{Cu(salpn)}2Dy] core in 5 is 
bonded to four donor atoms of the N2O2 Schiff base salpn
2−
, making up a planar arrangement. The 
Cu−O and Cu−N distances are in the ranges of 1.915(7) − 1.977(7) Å and 1.937(12) − 1.985(9) Å, 
respectively. One of the axial coordination sites of Cu1 atom is occupied by an oxygen atom O5 
of a nitrato coligand at the distance of 2.446(10) Å, indicating a square pyramidal geometry. 
Although Cu1 and Dy1 are triply bridged, the bond mediated by O3 does not contribute to Dy−Cu 
magnetic coupling because of the long bond length (2.802(8) Å). On the other hand, Cu2 has no 
axial ligand. 
Compound 6 crystallizes in a monoclinic C2/c space group with Z = 4 (Figure 3.2). The 
1
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molecules of 6 forms an infinite chain along the crystallographic a axis with 
[{Cu(salpn)}2Dy(NO3)3bpy] as a repeating unit. The asymmetric unit involves a half of the 
repeating unit owing to the twofold symmetry; namely, the nearest Cu…Dy geometry is unique. 
The repeating unit of 6 consists of a trinuclear core {Cu(salpn)}2Dy(NO3)3 and a bpy bridge. 
The Dy
3+
 ion is ten-coordinate with four oxygen atoms from two [Cu(salpn)] and six oxygen 
atoms from three bidentate nitrate ions. The copper ion has an N2O2 donor set (O1, O2, N1, and 
N2) of the tetradentate salpn ligand on the basal plane. Although there is a bpy molecule between 
the nearest neighboring Cu···Cu ions, the nitrogen atoms in bpy are located at an axial position of 
the copper ion. Hence, Cu···Cu exchange coupling will be negligible.
24
 In short, 6 has a 
polymeric crystal structure, but the magnetic structure is practically monomeric as a 
{Cu(salpn)}2Dy(NO3)3 unit.  
In the repeating unit of 6, the vertex of the coordination polyhedron of the central Dy
3+
 ion is 
similar to that of 4. A C2 axis runs through the Dy
3+
 ion, and an average Dy−O bond distance is 
2.48(3) Å.  
To feature the skeleton of LnO2Cu four-membered rings, a “butterfly” angle, , is proposed 
as an important parameter.
11-13
 The “butterfly” angle is between the two planes (CuO2 and LnO2) 
involving the bridging oxygen atoms and each metal ion. In the Gd−Cu dinuclear systems 
examined in the ref. 11, when the GdO2Cu ring is more planar, ferromagnetic coupling is stronger. 
Table 3.1 shows important geometrical parameters including “butterfly” angles. In the present 




 ions are always 
exchange-coupled through the double oxygen bridge with a “butterfly” skeleton. There are one, 
two, and one crystallographically independent Dy···Cu geometries in the unit cells of 4, 5, and 6, 
respectively. Accordingly the exchange coupling parameters JDy-Cu are unique for 4 and 5, while 6 
has two independent JDy-Cu parameters.  
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 Magnetic Properties  3.4.3














Figure 3.3.  mT vs. T plots measured at 500 Oe for (a) 4, (b) 5, and (c) 6. The insets show the 
magnetization curves measured at 1.8 K under non-fixed powder conditions.  
 
Polycrystalline specimens of 4 – 6 were subjected to magnetic susceptometry (Figure. 3.3). 
The randomly oriented samples were fixed with a small amount of mineral oil. Here, the mT vs. T 
plots are drawn in a temperature range of 1.8 – 300 K, and the dc field of 500 Oe was applied. 




 for 4, 5, and 6, 




 from the sum of two 
paramagnetic Cu
2+
 ions (S = 1/2, g = 2) and one free Dy
3+
 ion (J = 15/2, gJ = 4/3) for every 
{Cu(salpn)}2Dy unit. On cooling, the mT values increased for all case, which indicates the 
possible ferromagnetic coupling, and as the crystallographic analysis indicates, they are ascribable 
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 ions. Intermolecular exchange couplings are 
negligible because the non-monotonic behavior of susceptibility at the lowest temperature regions 













Figure 3.4.  Magnetization curves measured at 1.8 K for the randomly oriented polycrystalline 
specimens of (a) 4, (b) 5, and (c) 6. The samples were fixed with a small amount of mineral oil. 
 
The powder data of the magnetization curves of 4 – 6 were obtained at 1.8 K after the 
specimens were fixed with a small amount of mineral oil (Figure. 3.4). Slow saturation behavior 
was found, indicating the relatively strong magnetic anisotropy. To obtain information on the 
ground J
z
 value, the magnetizations of powdery specimens were measured without mineral oil and 
allowed them to align in the applied field direction. The field alignment effect was confirmed by 
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the increase of the magnetization in the successive measurement cycles. As shown in the inset of 
Figure 3.3a, the magnetization of 4 is 7.6 µB at 7 T, and it is still gradually increasing. It indicates 
that the magnetic field alignment is not perfect. The finite slope of the magnetization curve in 
higher magnetic fields region is consistent with the partial orientation. Owing to the molecular 
arrangement in the tetragonal I41/a space group, there are four different easy axis orientations in a 
unit cell. Because of the strong anisotropy of Dy
3+
, the moments are canted from the external 
uniform magnetic field direction. This canting causes the large reduction of the saturation 
moments and almost linear increase in a high magnetic field region for 4. Such behavior could not 
be observed for 5 or 6, being in compatible with the unique magnetic easy axis in a unit cell 
owing to the crystallographic centrosymmetry.  
The magnetization of 5 displayed more rapid saturation and reached the value of 11.0 µB at 7 
T (the inset of Figure 3.3b). The saturation magnetization for ferrimagnetic configuration is 8 µB, 
and the ferromagnetic configuration is 12 µB when g-value of Cu
2+
 is 2 and J
z
 = ±15/2 for Dy
3+
 
ion. Although the observed value was slightly smaller than 12 µB for the incomplete field 





 and the domination of the ground J
z
 = ±15/2 state for the Dy
3+
 ion in 5. 
A sharp rise of magnetization was found with the saturation moment of 11.0 µB per the 
formula unit for 6 (the inset of Figure 3.3c). The saturation moment is close to the theoretical 12 





couples ferromagnetically and that J
z
 = 15/2 is dominant in the ground state of Dy
3+
.  
However, it should be noted that the perfectness of the magnetic field alignment is 
determined by the relation between the domain and powder sizes of the sample. The reduction is 
expected when the powder size is larger than the single domain size to give polycrystalline. Thus, 
the bulk measurement alone cannot give conclusion about the magnetic coupling and the ground 
state, and the EPR measurement is essential for the quantitative analysis (see below). 
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The results on dc magnetic measurements are summarized in Table 3.3. The exchange 
couplings of the present Dy–Cu derivatives probably are all ferromagnetic. Many “butterfly” 
GdO2Cu compounds showed ferromagnetic coupling.
11-13
 According to an empirical 
rule,
6b,8,15-17,20,25
 the sign of the exchange coupling among Gd and heavy lanthanide ions are 
common in many cases. The present results are reasonably acceptable.   
 
Table 3.3.  Magnetic properties of 4 – 6. 
Compound 4 5 6
 




 at 300 K 14.8 14.8 15.4 






 14.9 14.9 14.9 




 at 3 K
 15.8 17.5 17.4 
Applied magnetic field / Oe 500 500 500 
M /µB at 7 T, 1.8 K 7.6 11.0 11.0 
Theoretical saturation M 
b)
 /µB 12 12 12 
a)
 Sum of free ion values; one J = 15/2 (Dy
3+




 Sum of the values 
from one J
z
 = 15/2 (Dy
3+
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 Relaxation of Magnetization  3.4.4





















Figure 3.5.  Ac magnetic susceptibilities (in-phase ’ (top) and out-of-phase ” (bottom)) 
measured for (a) 4, (b) 5, and (c) 6 without any dc bias field. Lines are shown as a guide to the 
eyes. The insets show the (modified) Arrhenius plots together with optimized lines. 
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The ac magnetic susceptibilities of powder specimens of 4 – 6 were measured at frequencies: 
 = 10 – 10000 Hz in T = 1.9 – 20 K (Figure 3.5). Below ca. 10 K, ’ decrease and concomitant ” 
increase were observed, especially for 5 and 6, and their positions were shifted to a higher 
temperature on increasing frequency. The frequency dependence of the ” peak temperature can 
be analyzed by the Arrhenius law;
26
 namely, the plots of the natural logarithm of the relaxation 
time  evaluated by 1/(2) vs. the inverse of the ” peak temperature T (Eq. 3.1). However, 
owing to the absence of ” peaks in the data of 4 (Figure 3.5a), a modified Arrhenius equation (Eq. 
2.5 in Chapter 2) was applied to the analysis.
27 
 
ln(2) = –ln(0) – Ueff /kBT (3.1) 
 
The modified Arrhenius plot for 4 and Arrhenius plots for 5 and 6 are shown in the insets of 
Figure 3.5. The effective energy barriers Ueff of the magnetization reversal and pre-exponential 
















Figure 3.6.  Cole-Cole plot
28
 for (a) 5 and (b) 6 from the data of Figure 3.5b and 3.5c, 
respectively. Partial semicircles were drawn, and the optimized  values5c were 0.32±0.03 and 
0.16±0.01, respectively, at 1.9 K.  
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Table 3.4.  Effective energy barrier Ueff, pre-exponential factor 0, and  in the Cole-Cole 
analysis from the ac magnetic susceptibility measurements. 
Compound 4 5 6 
Ueff kB
−1 
/ K 2.4±0.6 13.0±0.2 11±1 







α at 1.9 K - a) 0.32±0.03 0.16±0.01 
a)




 was performed for 5 and 6 using the above ac susceptibilities (see 
Chapter 1, Section 1.7.6). The equation () = S + (T – S)/(1 + (i)
1–α
) was applied, where T 
and S are the isothermal and adiabatic magnetic susceptibilities, respectively.
5c
 A semicircle with 
a small value of  usually indicates one relaxation process operative. Actually, these plots 
displayed a partial semicircle (Figure 3.6), and the optimized  values were 0.32±0.03 at 1.9 K for 
5, and 0.16±0.01 at 1.9 K for 6. The results on ac magnetic susceptibilities are summarized in 
Table 3.4. The existence of the finite barriers shows that the present compounds behave as SMMs.  
 
 HF-EPR Study 3.4.5
HF-EPR spectra of a powder specimen were collected in a wide frequency range between 95 
and 450 GHz at 4.2 K for 4 and 6 and at 1.7 K for 5 (Figure 3.7). In the plot, each spectrum is 
given as the offset corresponding to the frequency, and the resonance fields are also plotted in the 
same figure. Hence, the figure is the combined plot of the frequency dependence of spectra and 
the frequency-field relation.  
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Figure 3.7.  Combined plots of the spectra and the frequency-field relation for (a) 4, (b) 5, and 
(c) 6. The temperatures are indicated inside the panels. Each spectrum is given by an offset 
corresponding to the frequency. Solid lines are the linear fits of the frequency-field diagrams. 
Small signals found in 4, presumably caused by impurities, are indicated by the dotted lines.   
 
Compound 4 shows two strong absorption (4-A and 4-B) and a few weak ones (4-C and 4-D), 
and 5 shows three strong absorptions (5-A, 5-B, and 5-C) with additional doublet structures at 
each signal, while 6 shows practically only one strong absorption (6-A). The slopes of the EPR 
modes defined as effective g-values are listed in Table 3.5. All of them fell in the range from 
2.0±0.1 to 2.27±0.04. The intensity for all of the EPR absorption monotonically decreased with 
increasing temperature (Figure 3.8). This finding indicates that the absorption is assigned to the 
transition from the ground state or low-lying states. 
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Table 3.5.  HF-EPR results of 4, 5, and 6.   
Compound 4 5 6 
peak number 4-A 4-B 5-A 5-B 5-C 6-A 
g 2.0±0.1 2.00±0.08 2.27±0.04 2.26±0.04 2.26±0.02 2.11±0.04 
J
z
 ±15/2 ±11/2 ±15/2 ±11/2 ±9/2 ±15/2 
















Figure 3.8.  Variable-temperature HF-EPR spectra of (a) 4, (b) 5, and (c) 6.  
 
An effective g value in the J
z
 = ±15/2 doublets of Dy
3+
 would be 20, which is much different 
from the observed g-values. Hence, the signals can be assigned to Cu
2+
-related transition biased 




. Strictly speaking, the reversal of Cu
2+
 spin is 
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forbidden EPR transition (EPR selection rules: Δms = ±1 and ΔS = 0) because it is associated with 
the change of the total angular momentum of the exchange coupled effective moment; namely, the 
spin selection rules cannot be established with Ln ions of spin-orbit effect. However, transition 
becomes observable when the molecular symmetry is low, and the different states are mixed. 
Such conditions may be applicable for the present systems. 
Let us explain the procedure of evaluating exchange couplings by using an energy level 
diagram for the simplest case of 6. The outline of the procedure applied to system
15-17
 is as 
follows: (1) Ln ions are treated as Ising spins. In other words, only the lowest J
z
 doublet of Dy
3+
 is 
included. This treatment can be justified when the splitting between the ground and the excited 
states is larger than the EPR frequencies, and the measurement was performed at low 
temperatures. (2) The energy level diagram was drawn by assuming the sign of 4f-3d exchange 
coupling and the possible EPR transitions by the reversal of 3d spins are assigned. (3) The 
magnitude of the exchange coupling is evaluated by adjusting the splittings of the calculated 
energy levels with those of the experimental data. (4) In case of antiferromagnetic exchange 
coupling, the level crossing in the energy level diagram is assigned to the magnetization steps. 
The last procedure is not used in the present case since there is no level crossing for 
ferromagnetically coupled molecules. 
The following spin-Hamiltonian was applied:  
 
 Cu2Cu2Cu1Cu1zDyDyBCu2DyCu2DyCu1DyCu1Dy SgSgJgHSJJSJJH zzz   ˆ .  (3.2) 
 
Here, the first and second terms mean the exchange energy between one Dy
3+
 and two Cu
2+
 
spins. The exchange coupling between two terminal Cu1···Cu2 is disregarded, because of the 
long Cu···Cu distance. Owing to the molecular symmetry, the condition of JDy-Cu1 = JDy-Cu2 is 
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Figure 3.9.  Energy levels of 6 in the ground state J
z
 = 15/2 manifold. The arrangement of Dy 
(long arrow) and Cu (short arrows) magnetic moments are schematically shown.  
 
First, the simplest energy level diagram of 6 was analyzed to be depicted in Figure 3.9. As 
mentioned previously, the observed EPR signal is the transition from the ground state. Hence, the 
signal should be assigned to the transition between the red and green levels. Note that the green 
level is doubly degenerated for the presence of two identical exchange couplings. The difference 
between the red and green levels is expected to increase linearly with the magnetic field and the 
exchange coupling energy can be evaluated from the gap at zero magnetic field. These expected 
characteristic features are consistent with the experimentally obtained linear frequency-field 
diagram in Figure 3.7c. From the extrapolation of the EPR mode, the energy gap (ΔE) at zero 
field is evaluated to be 279±1 GHz. The JDy-Cu was derived according to the relation ΔE = 
−2JDy-Cu(J
z
Dy·SCu1), from the first term of Eq. 3.2. The Dy–Cu exchange coupling JDy-Cu was 
determined to be J/kB = +1.79±0.04 K. Here, the used parameters are SCu1 = SCu2 = 1/2, gCu1 = gCu2 
= 2.11±0.04, and J
z
Dy = 15/2. The parameters obtained from the HF-EPR experiments are listed in 
Table 3.5. The level-crossing field was −9.5±0.2 T (Figure 3.9), which implies the crossing of two 
states with respect to the Cu spin-flip and shows degeneracy due to the symmetry. In Figure 3.7c, 
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the level-crossing field corresponds to the field-axis intercept with the extrapolation of line 6-A. 
Such a negative crossing field is not detected in magnetization curves when the exchange 
coupling is ferromagnetic. 
Next the result of 4 was analyzed to be depicted in Figure 3.7a, and two weak absorptions 
(4-C and 4-D) with g = (2.0±0.2) – (1.97±0.02) were found besides the strong peaks. Since the 
extrapolation of these modes go to the origin of the frequency-field diagram, these are considered 
as Cu
2+
-involved impurity and removed from further analysis. This content is practically 
negligible, as guaranteed by the PXRD data [Figure 3.1(top)].    
The behavior of each of two major absorptions 4-A and 4-B of 4 is quite similar to the broad 
signal 6-A observed for 6. There are two possible interpretations for the observation of two EPR 
modes. The first one is the existence of two non-equivalent Dy–Cu exchange couplings, or in 
other words the case of JDy-Cu1 ≠ JDy-Cu2. However, it is unlikely for 4, because the crystallographic 
analysis clarified that the two Dy–Cu bonds are identical. 
Alternative interpretation is that the two signals originate from the admixture of two kinds of 
J
z
 doublets of Dy
3+
 ion in the ground-state wave function. According to Eq. 3.3, the ratio of the 
zero field energy values of two modes should scale with J
z
. The ratio of zero field energy is 261±6 
GHz / 347±2 GHz = 0.75 is close to the ratio of J
z’s, (11/2)/(15/2) = 0.73. The matching of the 
theoretical and experimental ratios indicates that the second interpretation is more plausible. In 
4f-electron systems, the mixing of the J
z
 states happens in low-symmetry molecules through the 
spin-orbit coupling and CFS. There are some known Dy
3+
 compounds with a ground J
z
 = ±11/2 
state,
29
 in which a two-fold symmetry was characterized like 4.
30
 It also supports that the two EPR 
modes found in 4 are originated from the mixture of two J
z
 states. The exchange coupling is thus 
determined to be JDy-Cu/kB = 2.25±0.05 K. The determined Zeeman diagrams for J
z
Dy = ±15/2 and 
±11/2 are shown in Figure 3.10.  
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Figure 3.10.  Energy levels of 4 with J
z
 = 15/2 (a) and J
z
 = 11/2 (b) for Dy
3+
. The arrangement of 
Dy (long arrow) and Cu (short arrows) magnetic moments are schematically shown.  
 
Finally, the data of 5 were analyzed to be depicted in Figure 3.7b. There are two Cu
2+
 sites in 
the crystal of 5, and thus JDy-Cu1 ≠ JDy-Cu2 could give two modes. However, the number of 
absorptions is more than expected. The phase purity is assured by the PXRD data [Figure 
3.1(bottom)]. In this case, it must be considered to be the admixture of the multiple J
z
 states in the 
ground state. The zero field energies of the three groups are 285±6, 225±3, and 174±2 GHz, and 
the ratio is 1/0.79/0.61, being close to the ratio 1/0.73/0.60 from J
z
 = ±15/2, ±11/2, and ±9/2. 
Hence, the splitting into three major groups are due to the mixing of three J
z
 doublets in the 
ground state, and the small splitting within each group is caused by the non-equivalent Dy–Cu 
exchange interactions. The almost equal intensity between the two peaks of the each group is 
consistent with the small variation of the exchange couplings at two independent cites in a unit 
cell. The g values of the signals were 2.1±0.1 and 2.24±0.04. They have evaluated the two 
exchange coupling parameters JDy-Cu1/kB =1.87±0.02 K and JDy-Cu2/kB = 1.79±0.01 K, which are 
different from each other by 4%. The zero field energy of 285±6 GHz is an average value from 
the two distinct energies. The exchange coupling parameter was determined to JDy-Cu/kB = 
1.82±0.04 K for 5 (Table 3.4). The determined Zeeman diagrams for J
z
Dy = ±15/2, ±11/2, and 
±9/2 are shown in Figure 3.11. 
 
3  Study on Hinge-like Dy(O2Cu)2 Complexes 
 
 
- 93 - 













Figure 3.11.  Energy levels of 5 with J
z
 = ±15/2 (a), J
z
 = ±11/2 (b), and J
z
 = ±9/2 (c) for Dy
3+
. 
The arrangement of Dy (long arrow) and Cu (short arrows) magnetic moments are schematically 
shown. 
 
The HF-EPR analysis elucidated not only the Dy–Cu exchange coupling, but also the mixing 
of the Dy
3+
 ground-state wave functions. Even a tiny variation of exchange couplings for the 
non-equivalent bonds can be resolved clearly. Such quantitative and precise determination of the 
exchange coupling highlights the powerfulness of the HF-EPR.  
 
 Discussion 3.5
Now let us discuss the magneto-structure relation for the series of Dy–Cu compounds. To 









 = N,N’-bis(3-methoxysalicylidene)-1,3-diamino- 
2,2-dimethylpropane)
17
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2,6-bis(acetylaceto)pyridine)
16
 with analogous DyO2Cu structures are included into the discussion. 
Table 3.6 summarizes the exchange coupling constants JDy-Cu together with the geometrical 
parameters. Here the Cu–Dy–Cu hinge angles were ignored in this analysis, thus affording 
simplified discussion on the two-spin systems. In the following analysis, the averaged value of 
two exchange couplings in 5 and B were used, because of the uncertainty of the assignment of 
two exchange couplings to two Cu sites. It is found that the exchange coupling of 4 is the largest 
and twice as large as that of B. While, the values of 5 and 6 are only slightly larger than that of A.  
 
Table 3.6.  Exchange parameter JDy-Cu for the DyO2Cu compounds determined from the HF-EPR 
study and important geometrical parameters.  







/ K 2.25±0.05 1.82±0.04 1.79±0.04 1.63±0.01 0.90±0.01 
coordination 
number 
10 9 10 10 8 
Dy–Oa) / Å 2.370±0.002 2.40±0.06 2.382±0.006 2.367±0.005 2.52±0.03 
Cu–Oa) / Å 1.948±0.004 1.95±0.02 1.9755±0.0005 1.957±0.001 1.932±0.003 
θ b) / ° 99.3±0.2 99.8±2.0 100.5±0.2 108.2±0.2 109.5±0.8 
 c) / ° 140.9±0.1 147.4±1.6 142.4±0.2 162.7±0.1 179.1±0.8 
d 
d) 
/ Å 3.301±0.001 3.33±0.02 3.358±0.001 3.510±0.003 3.65±0.01 
a) 
The averaged bond length in the DyO2Cu unit(s). 
b) 
The averaged Dy–O–Cu bond angle. c) The 
Dy–O···O–Cu “butterfly” angle. For 5 and B, averaged values are applied. d) The Dy···Cu 
distance. For 5 and B, averaged values are applied. 
e) 
From ref. 16. 
f) 
From ref. 15. 
 
At the first stage, they investigated the relationship between the coordination number (CN) of 
the Dy
3+
 ion and the Dy–O bond length. Figure 3.12a shows the normalized Dy–O bond length 
against the CN. The Dy–O bond length of the CN = 8 subset is longer than those of the CN = 10 
subset by ca. 6 %. It is quite unusual, because in general an increase of CN enlarges the ionic 
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radius.
31
 A possible reason for the present anomaly may reside in the rigid coordination structure 
of B, where the Dy
3+







2]. The resultant structure is highly planar and loses the configurational freedom. The Dy–




2] structure itself regardless of CN. Discussion using 








Figure 3.12.  (a) Plot of the normalized Dy–O bond length against the coordination number 
(CN) of Dy ion. (b) Plot of the exchange coupling and two normalized bond lengths of Dy–O and 
Cu–O.  
 
Next, the exchange coupling was plotted against the bond lengths of Dy–O and Cu–O 
averaged in the DyO2Cu core structure, as shown in Figure 3.12b. Compound 4 has O5 at an axial 
position of Cu1, and 5 also has O3 at an axial site of Cu1 (see above). The contribution of the 
Dy1–O(axial) –Cu1 pathways is ignorable. The exchange coupling is insensitive to the Cu–O 
bond lengths but seems to depend slightly on the Dy–O bond lengths. Compound B with the 
longest Dy–O distance gives the weakest exchange coupling. Another relation between the 
exchange coupling and the Dy···Cu interatomic distance (Figure. 3.14) also exhibits that the 
shorter distance favors the stronger exchange coupling.   
The plot of exchange coupling against the Dy–O–Cu bond angle is shown in Figure 3.13a. 
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The angle is the average of the double oxygen paths. They found that the bond angles are split 
into two regimes around 100° and 109°. The average of exchange couplings of three samples in 
the former regime is larger than the average in the latter regime. As a general trend of the Gd–Cu 
case, the exchange coupling decreases with increasing Gd–O–Cu bond angles, while exchange 
coupling does not much depend on the Cu–O bond length.13,33 In the framework of the 
superexchange mechanism, the exchange coupling between Dy and Cu depends on the orbital 
overlap and the orthogonality in the Dy–O–Cu bond. The Dy–O–Cu angle may have a clue to the 
exchange coupling mechanism. At the present stage; however, cautious analysis is needed for 









Figure 3.13.  Plots of the Dy–Cu exchange parameters in five DyO2Cu compounds (a) as a 
function of θ (Dy–O–Cu) and (b) as a function of  (Dy–O···O–Cu).  
 
Finally, the author discusses the effect of the geometrical parameter governing the skeleton 
of the molecule. In Figure 3.14, the exchange parameter is plotted against the Dy···Cu distance. 
Since the Dy···Cu distance becomes shorter when the Dy–O–Cu bond angle is smaller, the plot is 
related to Figure 3.13a. Furthermore, the plot of the exchange parameter vs. the Dy–O bond 
length shown in Figure 3.12b is also related to Figure 3.13a. As cited above, it is well known that 
JGd-Cu value shows a relation with the “butterfly” angle 
11-13
 The largest J/kB = 18.1 K was 
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characterized for  = 178.39°, and a smaller J/kB = 0.6 K was obtained for  = 147.01°. A general 
trend in the relation between JDy-Cu, and  is also recognized, but the profile is quite different 
(Figure 3.13b). This trend may be understood in two ways. First, the change of  causes the 
change of the Dy–O–Cu bond angle. Another possibility is that the overlap/orthogonality of the 
Dy–O–Cu bond varies with  These two can be understood by considering the change of bonding 
with spatial extension and direction of lanthanide wave functions. Although the exchange 
coupling must be related to the local structure of each bond; namely, the bond lengths and the 
bond angles, the “butterfly” angle may be useful to discuss the whole DyO2Cu skeleton of the 









Figure 3.14.  Plot of the Dy–Cu exchange parameter as a function of d(Dy···Cu). 
 
Although the 4f orbitals of Dy and Gd are different, the calculation results of the Gd–Cu 
complexes might be helpful. According to Kahn et al.,
37
 they proposed the mechanism of 
ferromagnetic coupling by the overlap of empty 5d orbital of the Gd
3+
 ion and 3d orbital of 
unpaired electron of the Cu
2+
 ions. The overlap of the unpaired electron transferred to the 5d 
orbital brings about the parallel alignment of the 4f and 5d electrons in the Gd
3+
 ion by Hund’s 
rule. On the other hand, orbital overlaps between the singly occupied molecular orbitals belonging 
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 ions give rise to antiferromagnetic interaction. The exchange coupling value is 
determined by the total of the contribution of ferromagnetic and antiferromagnetic interactions. A 
few calculation works
34-36
 support this logic. In the case of Dy
3+–Cu2+ systems, two 4f orbitals are 
doubly occupied while five remain singly occupied. The role of 4f (Dy
3+
) – 3d (Cu2+) overlaps 
may contribute to a ferromagnetic term as well as antiferromagnetic one. A short Dy···Cu 
distance does not always afford preference for antiferromagnetic interaction. 
For the magneto-structure relation in the Dy–O···O–Cu “butterfly” compounds, the bent 
configuration seems to favor ferromagnetic interaction. There are ample examples of Dy–Cu 
heterometallic complexes having “cubane”, “semicubane”, and “fused cubane” skeletons. 
Actually ferromagnetic interactions have been reported in the Co2Dy2 and Ni2Fe2 compounds 
having a “defective dicubane” motif.38 The Co–O–Dy and Ni–O–Dy bond angles range in 
(97.2±0.1) – (107.0±0.1) and (96.6±0.1) – (106.9±0.1)°, respectively.38 The wide variation of 
geometries as well as variation of 3d ions and 4f ions will be a subject to future studies.  
 
 
Figure 3.15.  Plot of the Tb–Cu exchange parameters in two TbO2Cu compounds as a function 
of  (Tb–O···O–Cu). The data are taken from the references.15,16  
 
The present work gives the first detailed investigation of magneto-structure relations based 
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Gd. Although the number of reported examples is very small, the author carried out preliminary 
examination on the TbCu2 compounds.
15,16


















 with analogous DyO2Cu structures. The 
exchange coupling parameter JTb-Cu is plotted against the “butterfly” angle (Figure 3.15). A similar 
trend can be seen; the bent “butterfly” structure favors strong ferromagnetic coupling.  
 
 Conclusion 3.6
Three novel Dy–Cu SMM have the structural diversity of hinge-like coordination flexibility, 
indicating large ferromagnetic exchange coupling. The followings were clarified. (1) New 
molecular structures can be obtained by the control of solvent. (2) The strong exchange couplings 
are caused by the double bridge structure. (3) HF-EPR is a unique method to determine the 
exchange coupling and the state of the rare earth ions, affording the JDy-Cu values in 1.79±0.04 – 
2.25±0.05 K for 4 – 6. Before the author group’s work, there have been only two reports on the 
precise determination of the JDy-Cu parameters.
15,16
 The present JDy-Cu values are larger than those 
of the previous reports. (4) It was examined to relate the exchange coupling parameters with the 
structural parameters in three present and two additional compounds. The results showed 
relationships between bond angles and “butterfly” angles against the exchange couplings. The 
“butterfly” angle representing the DyO2Cu skeleton is a simple but a useful parameter to predict 
the strength of exchange couplings.  
The present work gives the first detailed investigation of magneto-structure relation based on 
the precise determination of exchange coupling in Dy–Cu compounds. Such relationship allows 
us to draw molecular design and improve the magnetic exchange coupling in various 
molecule-based magnets, including “cubane” and “semicubane” structures often found in SMMs. 
Moreover, doubly oxygen-bridged motifs are commonly found in metal oxides, so that the present 
 3.6  Conclusion 
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compounds might be regarded as minimum exchange-coupled models or prototypes for polymeric 
oxide-based magnets. Although the explanation has to wait for theoretical treatment, empirical 
magneto-structural relation will be applied to design 4f-3d-based magnetic materials. The method 
for the estimation of exchange coupling by means of HF-EPR is unique approach developed by 
the group to which the author belongs. The above examples indicate the generality of this method 
and will be applied to a wide variety of Ln–Cu heteronuclear systems. Establishing the 
relationship of the exchange couplings and structures will afford an important guide to improve 
performance of SMMs as well as other types of 4f-3d based magnets. 
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 Conclusion 4
 Concluding Remarks 4.1
The SMM systems exhibit slow magnetization reorientation due to the relatively high energy 
barrier, Δ.1 To enhance Δ, ground high-spin polynuclear complexes involving ferromagnetic 
couplings are supposed to be good candidates for SMM building blocks.
2
 Another way to enhance 
Δ seems to be the use of strong magnetic anisotropy.3 Heavy-rare-earth metal ion complexes are 
good candidates for this purpose. In the present thesis, both approaches have been realized by 
using 3d-homo- and 4f-3d-heterometallic systems. The trinuclear triangular nickel(II) complexes 
have been characterized to be ground S = 3 species (Chapter 2), and trinuclear bent Cu–Dy–Cu 
complexes have also been characterized to be high-spin at their ground states (Chapter 3).  
The exchange coupling involved in homo- and heterometallic multinuclear complexes is one 
of the most important parameters to comprehend the magnetic properties. The knowledge of the 
exchange coupling mechanism would be very helpful to develop new bulk permanent magnets. 
Therefore the main portion of the present thesis was devoted to the precise and reliable 
determination of magnetic parameters including exchange couplings. Further, the author set the 
purposes of this thesis on the following items: (1) To design easily accessible molecules with 
uniaxial magnetic anisotropy. (2) To find out relationship between the exchange coupling 
parameter and structural parameters. 
The conclusion of (1) is as follows. In the previous study,
4
 the nickel(II) trinuclear 
compounds with an isosceles triangle shape was made. The compound gave rise to the 
non-uniaxial magnetic anisotropy. On the other hand, the present compounds investigated in this 
thesis possess an approximately equilateral triangle form. The author has designed and prepared a 
novel triangular compound [Ni3(tmen)3(μ2-Cl)3(μ3-OMe)(μ3-OH)](BPh4). The synthesis was so 
simple and was proceeded in one step. The Ni3 molecular portion showed an almost ideal 
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three-fold symmetry (Figures 2.2 and 2.3 in Chapter 2). The intramolecular coupling is 
ferromagnetic, which is mediated by the superexchange interaction. The exchange parameter J of 
1 was precisely determined (2J/kB = 18.0±0.2 K). The uniaxial magnetic anisotropy was observed 
in the single-crystal magnetic measurements, and the ZFS parameter D was also derived (DS=3/kB 
= −2.2±0.1 K). At low temperatures, the intermolecular antiferromagnetic interaction masked the 
magnetic behavior of the single-molecule magnet. However, the magnetic character of an 
independent cluster could be determined in the intermediate temperature because of the separation 
of the energy ranges among intracluster exchange coupling, ZFS, and intermolecular coupling. 
One may wonder if there is any relationship between the molecular structure and magnetic 
anisotropy. From the comparison among the two Ni3Cl3O1Y1
2
 clusters (Scheme 2.1) investigated 
here, it is noticed that the strong magnetic anisotropy is related to the smaller Ni–O–Ni angles. 
Namely, DS=3/kB = −2.2±0.1 K was found in the complex with the Ni–O–Ni angle of 90±2° while 
DS=3/kB = −1.6±0.2 K for the complex with 97±1° (compounds 1 and 2, respectively, in Chapter 2). 
Proving this hypothesis by further examples would be interesting. The capping oxygen atoms may 
play an important role both in the superexchange coupling and in the magnetic anisotropy.  
The author describes the conclusion of (2). Usually, it is difficult to evaluate the exchange 
coupling of Dy
3+
 compounds by means of conventional magnetic susceptibility and magnetization 
measurements. It is because of the strong anisotropy caused by the unquenched orbital moment 
contribution and of the complicated crystal field splitting. In the present thesis, the HF-EPR 
technique was utilized. The key point is that the resonance fields of 3d transition metal ions are 
biased by the exchange field from 4f ions. As described in Chapter 3, two trinuclear isomeric 
compounds and one polymeric compound were synthesized using a Dy(OCu)2 chromophore. The 
exchange coupling parameters were found to be in the range of 1.79 – 2.25 K. The present result 
shows an advantage of doubly oxygen-bridged motifs to build strong ferromagnetic interactions 
between lanthanide and transition metal ions. In addition, the sizable activation energies for the 
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magnetization reversal were found at zero magnetic field. It shows that the present systems are 
SMMs.  
Some magneto-structure trends have been found; for example the ferromagnetic exchange 
coupling is stronger when the Dy–O···O–Cu “butterfly” structure is more bent (Figure 3.13b in 
Chapter 3). A quantitative understanding would be possible for future progresses in quantum 
chemistry calculations. The established ways for the precise determination of the exchange 
parameters would contribute to developments of exchange-coupled 4f-3d heterometallic magnets. 
 
 Future Perspectives 4.2
As for the nickel(II) trinuclear compounds, intermolecular antiferromagnetic couplings were 
observed through the short halogen···halogen distances, and the most unexpected result is that 
[Ni3(tmen)3(OH)Br4]Br (compound 2)
5
 underwent the antiferromagnetic transition at 3.2 K 
(Figure 2.4 in Chapter 2). Namely, there are antiferromagnetic “super-superexchanges”6 through 
the Ni–X···X–Ni paths (as opposed to the Ni–X–Ni superexchange paths). This mechanism 
mostly brings about antiferromagnetic interaction, but the intermolecular ferromagnetic coupling 
would attract much more attention to the materials researchers. Replacing halogen atoms and 
counter anions may be an option for this purpose. Further, μ3-bridging groups such as “cap” 
would be allowed to vary under some conditions such as temperature and pressure. By the 
variation of “cap”, the strength of magnetic anisotropy may be controlled. 
The ligand tmen has been used in triangular compounds also with cobalt(II) and iron(II) 
ions.
5,7
 The magnetic properties of the Fe derivative were investigated, and the intramolecular 
ferromagnetic coupling was found in the magnetic measurements in 90 – 300 K.7 The magnetic 
properties of the cobalt derivative (Figure 4.1) have not yet been reported. Since a cobalt(II) ion 
has orbital angular momentum and magnetic anisotropy, the magnetic properties of the cobalt(II) 
triangles are of great interest for the development of novel SMMs. 
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For the magneto-structure relation in the Dy–O···O–Cu “butterfly” compounds, bent 
configuration seems to favor ferromagnetic interaction. There are ample examples of Dy–Cu 
heterometallic complexes having “cubane”, “semicubane”, and “fused cubane” skeletons. 
Actually ferromagnetic interactions have been reported in the Co2Dy2 and Ni2Fe2 compounds 
having a “defective dicubane” motif.8 The Co–O–Dy and Ni–O–Dy bond angles range in 
(97.2±0.1) – (107.0±0.1) and (96.6±0.1) – (106.9±0.1)°, respectively.8 The wide variation of 
geometries as well as variation of 3d ions and 4f ions will be a subject to future studies.  
The present work gives the first detailed investigation of magneto-structure relations based 
on the precise determination of exchange coupling in Ln–Cu compounds, where Ln is other than 
Gd. Although the number of reported examples is very small, the author carried out preliminary 
analysis of the relation on the TbCu2 compounds.
9























, see Chapter 3). The exchange coupling parameter JTb-Cu is plotted 
against the “butterfly” angle (Figure 3.15 in Chapter 3). A similar trend can be seen; the bent 
“butterfly” structure favors strong ferromagnetic coupling. Figure 4.2 shows a preliminary 3D 
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plot combined with Figure 3.13b and 3.15 in Chapter 3. By collecting more samples, the 3D plot 
would reveal a more detailed magneto-structure relationship as well as a periodicity of the 
lanthanoid elements. 
The method for the estimation of exchange coupling by means of HF-EPR is unique 
approach developed by the group to which the author belongs. The above examples indicate the 
generality of this method and will be applied to a wide variety of Ln–Cu heteronuclear systems. 
Establishing the relationship of the exchange couplings and structures will afford an important 
guide to improve performance of SMMs as well as other types of 4f-3d based magnets. 
 
 
Figure 4.2.  3D plot of a possible relationship of the exchange coupling as a function of the 
“butterfly” angle and the atomic numbers. 
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